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Abstract
   For a MeV gamma-ray telescope in the next generation , we developed an Electron [I]racking
Compton Camera, which consists of a tracker and an absorber. The camera obtains the energy
and the direction of both the scattered gamma-ray and the recoil electron, and determines both
the energy and the direction of the incident gamma-ray, photon by photon. Also this camera
rejects the backgrounds using the kinematics of Compton scattering. We use a pa-TPC as the
tracker and the GSO:Ce pixel scintillator arrays as the absorbers. A pa-TPC is a gaseous time
projection chamber, which has a high gas gain of 2 Å~ 104 and a good position resolution of nw 500
pam. Our Compton camera is expected to have a good signal to noise ratio and a good angular
resolution due to a gaseous high resolution tracker.
   In this thesis, I reported things as below. First, in order to verify the principle of the gamma-
ray reconstruction and the background rejection due to the Compton scattering kinematics, we
constructed a prototype camera using pa-TPC fi11ing with an Ar gas. By this prototype, we ob-
tained the images and the spectra of the gamma-rays from the radioactive sources, and measured
the performance of the prototype camera. Next, in order to measure diffuse cosmic gamma--rays
and atmospheric gamma-rays, we designed and constructed a flight model detector with an
improvement of the detection efficiency using a Xe gas as a Compton scattering target. By
this improvement, the detection eficiency was 10 times larger than that of the prototype and
the FOV spread to 3 str. Finally, we loaded the flight model on a balloon, and launched on
September 1 2006 as the lst flight of Sub-MeV gamma-ray Imaging Loaded-on-balloon Experi-
ment (SMILE). The balloon reached to 35 km at altitude, and the level fiight continued during
4 hours. We succeeded in the detection of N 200 downward gamma-rays during the 3.5 hours
level fiight (live time 3.0 hours). The detected photon number was consistent to the simulated
one, which was nu 200 photons in 3 hours. By this balloon experiment, we succeeded in the
observation of the fiuxes of diffuse gamma-ray and atmospheric gamma-ray between IOO keV
and 1 MeV.
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Chapter 1
Once, the astronomy meant the studies of the stars' and planets' movements with the visible light
observation, and hence the image of the universe was static and silent. However, astronomers
now observe not only the electromagnetic waves from radio to gamma-ray but also cosmic-rays,
neutrinos and so on. By these new windows, we have got the new various information that the
universe is active and violent.
   Gamma-ray is one of these new windows. Figure 1.1 shows the history of the gamma-ray
observatories in space. The gamma-ray observations started in 1961, which was almost the same
time as the discovery of Sco X-1. After the prediction by Hayakawa et al. in early 1950s about
the existence of the gamma-ray radiation due to the decay of TO created by the interaction of
cosmic--rays and interstellar matter, several gamma--ray sources were discovered by the satellites,
OSO-7 (2 500 MeV) in 1967, SAS-2(År 30 MeV) in 1972 and COS-B (2 keV-5 GeV) in 1975.
Besides, Iow-energy gamma-rays were observed by Granat which was launched in 1989 by Russia
and France, and CGRO which was launched in 1991 by United States. Recently, INTEGRAL
was launched in 2004 by ESA, and GLAST will be launched soon in 2007. 0n the ground,
very high-energy gamma-rays of energy about 10i2 eV were observed by Cherenkov telescopes,
Whipple, HEGRA and CANGAROO, in 1990s.
   Although gamma-rays mean all electromagnetic waves with the energy above a few hundred
keV, the gamma-rays of each MeV - TeV energy band provide us the different information even
if they were emitted frorr} same object. A gamma-ray observation in the MeV region provides
the information of the nucleosynthesis, the particle acceleration and the interaction of cosmic--
rays and interstellar matter. MeV gamma-rays are hardly attenuated from source objects to
the earth, but can't pass through the atmosphere (Figure 1.2). Thus celestial MeV gamma-rays
must be obtained outside the atmosphere. In this energy band, the number of photons is less
than X-ray, and the complete absorption of photon is dificult because of the dominated process
of Compton scattering. Besides this energy band has the backgrounds of photons produced by
the hadron process of cosmic-ray and satellite body, although the band above 100 MeV has no
background. Consequently the observation is very diMcult, and the MeV gamma-rays astronomy
has not be advanced than other energy bands.
1.1 Production Mechanism of Gamma-Ray
Thermal radiation is an emission from a large population of electromagnetically interacting
particles in equilibrium, with their mean energy characterized by temperature T. The spectrum
of radiation intensity follows the `black body' distribution, and the energy density of radiation
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Figure 1.1: The history of Gamma-RayObservatories [1]
2











   l





























--hideth -rv- veyssN5""t--p-t--"-x---H-th----detin--- l
-th
M--



































Figure 1.2: The attenuation by atmosphere in multi-wavelength I2]
where h is Planck's constant, and kB is Boltzmann's constant. For the thermal gamma-rays
of 1 MeV, the corresponding temperature would be above 109 K. Thus, thermal process is not
reasonable, and nonthermal processes are the more reasonable source of gamma-rays. In the
MeV region, several nonthermal processes exist as follows.
1.1.1 SynchrotronRadiation
When a relativistic electron moves via the magnetic field B, an electron trajectory will be
changed by the Lorentz force. Because any acceleration of the charged particle can be viewed
as the modification of the field, the kinetic energy of the electron is transformed into the energy
of the electromagnetic field. For the relativistic electron, such an energy lose as an emission of
photon, which is called Synchrotron Radiation.
   Synchrotron radiation spectrum has a peak at the characteristic as
     hvc == 21Li e.B.i (.llZ2)2, (i 2)
where, e, me, Ee are charge, mass, energy of the electron, respectively, and BÅ} = Bsine with
the pitch angle e which is the angle between the particle trajectory and the direction of the
magnetic field. The total energy loss rate by synchrotron radiation of an electron moving in the
magnetic field B is
     -(ddEte),,. =gaTcgl?I •y2s2, (1 3)
where aT == itltzS4.Te.4 i's Thomson cross section.
1.1.2 Bremsstrahlung
Another important process of gamma-ray production is `Bremsstrahlung'. When an electron
passes very near the nucleus, the electron's trajectory is substantially changed by the strong
electric field of the nucleus, and photons are emitted.
3
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   The spectrum of bremsstrahlung radiation remains flat up to roughly the electron kinetic
energy, and it drops sharply toward zero above. For relativistic electrons in a fully ionized
plasma (no screening), the bremsstrahlung loss is
     -(ddEte)B= 4n.Z2ro2ctzc (ln .llZ2 +0 36) Ee (1•4)
In the case of total screening, above formula is modified to
     -(ddEte)B == 4n.z2ro2ac (ln zlii313-ilg) Ee, (1 5)
where na is the target atom density, To = }.iiiik2. is the classical radius of the electron, and a is
the fine structure constant.
1.1.3 Inverse Compton Scattering
When an energetic photon collides with a low energy electron, the photon is scattered and
some of the photon energy transfers to the electron. This process is called Compton scattering.
The inverse process also surely exists, and generates a gamma-ray: when the low energy photons
collide with energetic electrons, these photons gain the some amount of the energy of the electron
via the collision. This `Inverse Compton Scattering' is important in the regions ofthe high photon
density.
   The energy loss for an electron in the photon field energy density wph is written as
     -(ddEte)Ic == gaTcw,hry262 (1 6)
1.1.4 Nuclear Tbeansitions and Decay
A nucleus has several specific, quantized states ofthe energy to bind the nucleons. These nuclear
states have typical energy bands of the MeV scale, and hence the transition between those states
of a nuclear absorbs or emits the MeV gamma-ray photons. Thus, the gamma-rays are emitted
from `de-excitation' of a nucleus:
and `radioactive decay':
De-excitation occurs by the energetic collisions of cosmic-rays with the interstellar gas nuclei,
in the space. On the other hand, a radioactive decay occurs by nuclearsynthesis in a supernova
and a core of heavy stars. The examples of line gamma-ray emissions by nuclear transitions
expected in the universe are listed up in Table 1.1.
   Pion is a boson involved in the strong nuclear interaction, and is created during the strong-
interaction events such as collisions of cosmic-ray protons with ambient-gas nuclei. The dominant
7-producing channels in hadronic interactions are as fo11ows
    p+p-p+p+aTO+b(7r++7Tff), (1.9)
    P+p-p+n+7r++a7rO+b(7r++T-), (1.10)
where a and b are positive integers. A TO decays rapidly into two gamma-rays with a proper
time of 9 Å~ 10-i7 sec, and the distribution of the photon energy has a peak at about 70 MeV at
the center of gravity system, which is the half of the rest mass of pion. Because pions created
by energetic protons has a momentum distribution, the observed gamma-ray spectrum of the
pion decay is broadened by Doppler shift.
4
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Table 1.1:
process
The gamma-rays by nuclear transitions











  56Ni (6.10 d)
  56co (77.2 d)
 57co (271.7 d)
  44Ti (63 y)
26Al (7.4 Å~ 105 y)
60Fe (1.5 Å~ 106 y)
n+i H -År2 D+ or
       4.438
     2.313, 5.105
2. 741, 6.129, 6.917, 7.117
        1.809
  O.847, 1.238, 1.811
O.158, O.270, O.480, O.759, O.812
     O.847, 1.238, 2.598
       O.122,O.136
          1.157
          1.809
        1.173, 1.333
2.223
Ll.5 Annihilation
An electron-positron annihilation is an important source of gamma-rays. In the annihilation,
two or more photons are created, and the total energy of electron and positron is distributed to
these photons. Positron and electron may form a bound system, which is called positronium,
and two different states exist. One is the ground state, and a positronium decays to two gamma-
rays. In this case, each photon has an energy of 511 keV, which is equal to the.rest energy of an
electron. The other state is the parallel-spin state, and it decays to three gamma-rays having
the continuum spectrum.
   Actually, the 511 keV line was observed at near the Galactic Center by SMM and OSSE, and
implied the annihilation rate of rv 2 Å~ 1043 sec-i. Annihilation photons suggests the existence of
the electron-positron plasma. Positrons are produced by 5+-decay, decay of T+ and the collision
of hadronic antiparticles and normal matter. The examples of the radioactive isotopes causing
6+-decay are 26Al, 44Ti, 56Co, and the distinct nova products i3N and i8F. On the other hand,
T+s would be produced at the vicinity of the compact stars.
   However, positrons would be also produced by the decay of the intrinsic radioactive isotopes
or the interactions of the cosmic-rays with the satellite platform. Therefore, spectral decompo-
sition of annihilation photons from the inner Galaxy is considered to be quite difllcult.
5
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1.2 Sky in Gamma-Ray
1.2.1 Allskymap
For the all sky survey in gamma-ray, Compton Gamma-Ray Observatory (CGRO) satellite had
4 detectors: COMPTEL, EGRET, OSSE and BATSE. COMPTEL found about 30 gamma-ray
sources in the MeV region [5], and EGRET found about 270 sources in the sub GeV region
[6]. Figures 1.3 and 1.4 show the all sky maps of the gamma-ray obtained by EGRET and
COMPTEL, respectively. These images show that the gamma-rays are radiated from not only
the compact objects but also the solar flare. Besides, in EGRET observations, Figure 1.3 says
there are about 170 undefined objects of which counter part are not identified by other energy
bands.
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Figure 1.3: The distribution of the gamma-ray objects by EGRET [6]
1.2.2 Galactic diffuse gamma-ray
The gamma-rays from the Galactic Plane were also observed by those detectors. Figures 1.4,
1.5 and 1.6 show the galactic diffuse gamma-ray radiation in both energy regions.. Figure 1.7
shows the multi-wave energy spectrum of the galactic diffuse gamma-rays and X-rays. In the
energy region from sub MeV to MeV, photons are mainly produced by the bremsstrahlung and
the inverse Compton scattering of an electron [7].
   On the other hand, the galactic diffuse gamma-rays in the MeV region consist of not only the
continuum component but also the line emissions. Figure 1.5 the all sky map of 1.8 MeV from the
decay of 26Al. The source of the gamma-ray of 1.8 MeV is the decay of 26AI (Ti12 =ew 106yeaT),
which is considered to be synthesized in the cores of massive stars.
   However, in the observation of the point-sources near the galactic plane, the galactic diffuse
gamma-rays make dificult to observe them as the background.
1.2.3 Extragalactic diffuse gamma-ray
Extragalactic diffuse gamma-rays come from the outside of the Galaxy, of which the distribution
is uniform in the all sky. Figure 1.8 is the spectum of the extragalactic diffuse gamma-ray.
The spectrum is explained by the combination of the emissions from AGNs and the type Ia
supernovae. Particularly, in the energy region of MeV gamma-rays, the mojority is considered
to be gamma-rays by type Ia supernovae in galaxies.
6
Sky in GamTna--Ray
Figure 1.4: The all sks miip 1').v CO.XIPTEL (1 - 30 .XIeV) [1]
Figure 1.5: The all sk.v map in l.S 1 IeV b.v COMPTEL [1]
Figure 1.6: The all sky map b.v EGRET (}irlOO l IeV) [1]
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Figure 1.7: The spectrum of galactic diffuse gamma-ray [7]. Also shown is the bremsstrahlung
(dot-dashed Iine), inverse Compton scattering (short-dashed line), and TO (triple-dotdashed
line) model, positronium continuum (Iong-dashed line) and the thermal Raymond-Smith plasma
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Figure 1.8: The spectrum of extragalactic diffuse gamma-ray [8]. The dot-dashed line and dashed
line are estimated contributions from Seyfert I and Seyfert II, respectively. The tiple dot--dashed
line is steep-spectrum quasar contribution, and the dotted line is Type Ia supernovae. Also the
long dashed line is a possible blazar contribution assuming an average power law index of -1.7
below 4 MeV and -2.15 at higher energies. The solid line indicates the sum of all components.
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Figure 1.9: The light curve of SN1987A (infrared - ultraviolet) [9]
1.3 Source of Gamma-Rays
1.3.1 SupernovaRemnant
The supernova is an important site of the nucleosynthesis, and is considered to create the heavier
nuclei than Fe. In the nucleosynthesis process in the supernova explosion, the radio isotopes
are also produced, and hence the gamma-ray emission by the decay of those isotopes is a good
probe to investigate the nucleosynthesis.
   If a binary includes a white dwarf, the material from a companion star gradually accretes onto
the white dwarf. Then it makes the pressure in the core of the white dwarf higher. Eventually
the white dwarf explodes with the thermonuclear supemova explosion (type Ia supernova). In
the type Ia supernova, 56Ni is expected to be produced of which amount is predicted about O.6
Mo, and after the explosion 56Ni decays such as:
56Ni -56 Co -56 Fe. (1.11)
The light curve of the type Ia supernova is well explained by the combination of the decay time
of those nuclear transitions. In the type II supernova, which is the gravitational collapse of the
iron core as the final stage of the stellar evolution of the stars more massive than about 8 - 10
Mo, 56Ni is also produced, a!though the amount is less than that ofatype Ia supernova. Figure
1.9 shows the light curve of SN1987A, which is explained by the decay time of 56Co practically.
Also the gamma-ray emission due to the 56Co decay was observed from SN1987A.
   In the supernova explosion, a lot of neutrons are ejected from the core, the nuclei of the
outer shell rapidly capture the neutrons before the transition to a stable states, and changes
to neutron-rich isotopes. Since such nuclei are so unstable, they transmit to the stable nuclei
through 6-decays. This process rapidly proceeds, which are called r-process. The existence of
the isotopes in Table 1.1 has been observed in the supernova remnants so far.
9










Figure 1.10: The schematic view of pulsar llO]
1.3.2 Spin-DownPulsars
Gamma-Ray Pulsars
Pulsars radiate a short periodic pulse, and hence are considered to be neutron stars spinning
with a high speed. A neutron star also has a strong magnetic field of about 10i2 G. Because the
magnetic axis inlines to the rotation axis generally, as shown in Figure 1.10, the emission near the
magnetic poles sweeps around the rotation axis. Since the emission region of the pulsar rotating
around the axis is observed from the earth, we see it like a light house. Within thousand pulsars
observed so far, the emission of gamma-rays are only observed from several of them (Table 1.2).
The multiwave spectra of the gamma-ray pulsars are presented in Figure 1.11.
Pulser
Table 1.2: Gamma-ray Pulsars
  PeriodP [msec] P [lo-i5]
[5]
 distance d [kpc]
    Crab
PSR B1509-58
    Vela
PSR B1706-44
PSR B1951+32























   Especially, the Crab pulsar was observed from the radio to the GeV gamma-ray, and it is
one ofthe most famous pulsars. Figure 1.12 are light curves in each energy region. These figures
say that the sub MeV to the MeV energy bands have 2 features:
e Although the fust peak is
  varies to the second peak.
dominant in other energy bands, the dominant in this band
e The pulse profile has the `Bridge' structure between the first and the second peak.
The study of the emission from the pulsar is stil} underway, and these features in the MeV band
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Figure 1.11: The spectra of gamma-ray pulsars [11]
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Figure 1.13: The spectrum of crab nebula (so
Compton scattering) [13]
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Figure 1.15: The spectra in Soft state and Hard
state (Cyg X-1) [14]
Pulsar Nebula
Crab pulsar has a nebula around it. The nebula is observed from the radio to the TeV gamma-ray
as a non-pulsed emission. Figure 1.13 shows the multi-wave spectrum of the Crab nebula. The
spectrum is explained by the combination of synchrotron radiation and inverse Compton scat-
tering. Also in the MeV band, the emission from the Crab nebula was observed by COMPTEL
and OSSE, and it is suggested that the emission is due to synchrotron radiation.
1.3.3 BlackHole
In the final evolution of a heavy star with a mass above 30Mo, the core is considered to collapse
to a black hole after a type II supernova. A black hole has a boundary line, which is called `event
horizon', from where the electromagnetic wave can't escape. However if a black hole makes a
binary system with a star, an accretion disk is created similar to the white dwarf because the
matter from the companion star fiows onto the black hole. This accretion disk radiates photons
in wide band including X-rays and gamma-rays. Until now, there is no solid evidence for the
existence of a black hole.
   AIthough the existence of the black hole is not established, there are several `black hole
candidates', which are infered with its mass and the size. Cygnus X-1 is the most prominent
black hole candidate. Those black hole candidates commonly indicate a violent time profile,
as shown in Figure 1.14. Another feature of the time variability is that the energy spectrum
changes suddenly between Soft state and Hard State at time. Figure 1.15 shows the spectra of
the Soft/Hard state of Cyg X-1.
   The emission model of the Soft state is depicted in Figure 1.16, and the model of the Hard
state in Figure 1.17. In the soft state, the disk is bright in the X-ray region, in which the
blackbody radiation from the accretion disk and the Compton scattering by the non-thermal
electron are dominant in this state. On the other hand, the hard state has a peak at a few
hundred keV, and the dominant component is the Compton scattering by the thermal electron.
In addition, both states look to have the component of Compton refiection with the cold disk
[14].
   Near the event horizon, ions accelerate up to 100 MeV by the strong gravitational potential,
and hence surely TO must be created. Therefore, a thermal radiation of TO, which makes a peak
at 70 MeV, is expected to be observed. Such radiation may be an evidence for the existence of
black hole.
13
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Figure 1.18: The spectrum of Galac-
tic Center by OSSE [15]




When an electron meets a positron, two or three gairrrna-rays are produced by the annihilation.
When the annihilation occurs at rest, the photon energy is 511 keV equal to the rest energy of
an electron (section 1.1.5). Actually, OSSE observed the 511 keV from the Galactic Center in
Figure 1.18, which says that the annihilation in the Galactic Center exists certainly.
   The distribution of 511 keV was broad in the Galactic Plane. The 511 keV emission means
the existence of the positron, and the positrons are produced by the 6+ decay of radioactive
isotopes, which are provided by the nucleosynthesis in the supernovae and heaxsr stars.
   At the Galactic Center, the existence of a black hole with the mass of AJ 3 Å~ 106Mo is strongly
         [17]. Therefore, if there is a mass accretion, the MeV gamma-ray radiation due toconsidered




Figure 1.20 : The schematic view of AGI [18]
1.3.5 Active Galactic Nuclei (AGN)
The Active Galaxy is a galaxsr with the strong emission from its nuclei, and the nuclei of such a
galaxy is called Active Galactic Nuclei. At the Active Galactic Nuclei, the existence of a black
hole with the mass of 106 - 109M(!) is considered. Figure 1.20 shows the schematic view of AGN.
Radio wave observation indicates that many AGN have jets, svhich is emitted with a narrow
beam from the center. If the radiat,ion from the jets is stronger than the radiation from the
accretion disk or the thermal radiation of the near disk, the obtained multiwave spectrum is
explained by the combination of synchrotron radiation and inverse Compton scat,tering (Figure
1.21, 1.22).
   There are 10 AGNs detected by COMPTEL and 94 AGI s by EGRET, respectively. Thus,


































The multiwave spectrum of Cen- Figure 1.29..:
[20]
The Spectrum of Blazar Mkn501
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Figure 1.23: The spectrum of Solar Flare (June 4, 1991) [21]
1.3.6 Solar Flare
The Sun, the most familiar celestial object, also radiates gamma-rays. From 1970's, a few line
gamma-rays have been known to be emitted in the solar fiare sometimes.
   Figure 1.23 shows the spectrum of the solar flare. By these measurements, many of the
neutron and positron are expected to be produced in the region of fiare. Moreover, by the accel-
eration and the heating of the particles in the corona at the time of solar flare, the accelerated
electrons emit X/gamma-ray with bremsstrahlung. Because the Sun is the nearest star, it is the
rr}ost detailed observable star and is a very important gamma-ray source.
1.3.7 Gamma-RayBurst
The Gamma-Ray Burst (GRB) was discovered by the Vela satellite in early 1970's. It is a
transient phenomenon that gamma-rays arrival from specified direction suddenly. GRB has a
violent time profile, and the bursting time is very short, but spread in several orders (Figure
1.24).
   Until now, many observations such as HETE-2 and SWIFT have been carried out, and our
understanding for GRB is dramatically recovered: GRB is a very giant burst at the distance
of cosmology, and GRB has a mother galaxy. The obtained spectrum can be explained with
synchrotron radiation, in MeV gamma-ray (Figure 1.25). BATSE on CGRO discovered 2700
GRBs, and the distribution is fiat in the all sky (Figure 1.26). But GRB is a puzzle, that is not
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Figure 1.24: light curve of GRB by BATSE and COMPTEL [22]
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2.1 Interaction ofGamma-Rays and Matter
Because photons are electrically neutral, they can't ionize the material. However, once high
energy photons interact with material, an electron is emitted via several processes depending
on their energy. The ionization of the surrounding material by such an electron enables us to
detect X-rays and gamma-ray.
   There are three processes in the interaction between X/gamma-rays and the matter: pho-
toelectric absorption, Compton scattering and pair creation. The cross sections of these in-
teractions depend on the energy of X/gamma-rays and the atomic number Z of the matter.
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Figure 2.l: The cross-section of the
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Figure 2.2: The significant interaction of gamma-
rays and matter l25]
2.1.1 Photoelectric Absorption
The photoelectric absorption is a dominant interaction of photons with the energy less than
100 keV. In this process, a photon provides all energy to a electron in the atom, and then this
electron, called photoelectron, is ejected from the atom. When a photon of the energy Eo makes
a photoelectron, the kinetic energy of the photoelectron is as follows,
19
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where Ebi.d is the binding energy of the photoelectron in the atom. If Eo is higher than the
binding energy of the K shell, the probability of the interaction with an electron in K shell is
highest. Then the cross section of the photoelectric absorption of a K shell electron is:
     aK=4V2z5 ([l;'r.2) (4.22oh,)4 (Mi;82)712, (2 2)
where aK is proportional to Z5 and Eo-7/2, and re is the classical electron radius: re = 4.,oe.2 ..2 •
If Eo is less than the binding energy of K shell, the photon interacts with an L shell electron.
Therefore, near the K shell binding energy, the energy dependence of the cross section has a
large discontinuity edge (Figure 2.1). Simultaneously a binding electron in the higher energy
level trends to transit to the empty level by an emitting X-ray. The energy of the emitted X-ray
is equal to the energy difference of those two levels. Also sometimes an electron of the nearly
same energy is ejected instead of the X-ray emission, which is called Auger electron.
2.1.2 ComptonScattering
In the energy band from a few hundred keV to 10 MeV, the dominant interaction is the Compton
scattering, which is an elastic scattering of a gamma-ray and an electron. When a gamma-ray
makes Compton scattering, the gamma-ray provides a part of the initial energy to an electron,
then the recoil electron runs away, and simultaneously the gamma-ray is scattered as its energy
becomes lower. When the gamma-ray in the energy of Eo makes Compton scattering with a free
electron, the energy of the scattered gamma-ray is
     E' =i+ i.k,o. E( iO- ,., ip)' (2 3)
and the energy of the recoil electron is
                     i.Sg70. (1-cosip)
     Ke=Eo-E'=
                                     Eo, (2.4)
                    1+ .EO.2 (1 - cos ip)
where ip is a scattering angle. The angular distribution of the scattered gamma-rays is repre-
sented by the differential scattering cross section as follows,
     il+/ == zr.2 (1+k(11nt ,., ip))2 (1+ C20S2 ip) (1 + (1+ ,.,:2iiilOÅí(ip1)2- ,., ip)l) , (2 5)
where a is the cross section, st is the solid angle and k = .eO.2. Then the cross section is
proportional to Z. The angular distribution is shown in Figure 2.3, where you note that the
forward scattering is dominant when Eo is higher.
   In a real detector, electrons do not rest and they have the finite momentum of the orbit.
Therefore, the gamma-ray scattered at the fixed angle from a monoenergetic source have some
fluctuation in their energy (the "Doppler broadening" , see section 3.3).
2.1.3 PairCreation
If the gamma-ray energy exceeds twice of the rest mass of the electron, a pair of an electron and
a positron are created with the interaction between the photon and an electric field around the
nucleus. This process is called a pair creation, which is a dominant interaction of the photons
above 10 MeV. The energies of an electron and a positron emitted from the photon of the energy
Eo must be satisfied with the following equation,
The cross section is proportional to Z2.
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Figure 2.3: The angular distribution of Compton scattering l25]
2.2 Sub-MeV/MeVGamma-Raylmaging
In general astronomy, it requires both measurements of the energy and the incident direction of
photon for imaging. For the X-ray imaging, the photons can be focused by reflection. Figure
2.4 is a schematic view of an X-ray focusing. Only when an X-ray comes to the mirror at a very
shallow angle, the X-ray makes reflection. The mirror is Al or glass coated by Au generally.
Because the focusing is a mapping from the direction to the position, we can get the energy and
the incident direction of each photon at the same time using a 2-dimensional position sensitive
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Figure 2.4: The schematic view of an X-ray focusing I26]
                                                 Figure 2.5: The effective area of X-ray
                                                 telescopes [26]
10 keV, and the refiection ratio falls suddenly in the higher energy (Figure 2.5). For this reason,
the focusing of sub-MeV/MeV gamma-rays by reflection is impossible, and the other techniques
are necessary.
   On the other hand, around a satellite, lots of MeV gamma-rays are generated by the exci-
tation of the nuclei in the material of the satellite by the cosmic--rays, and furthermore such a
MeV gamma-ray is scattered several times by Compton process. Therefore, the observations of
the MeV gamma-rays in space severely suffer from huge background gamma-rays.
21
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2.2.1 Active and Passive Collimators
For getting the incident direction of a photon, the simplest method is the collimation of the
Field Of View (FOV). The camera consists of a position sensitive detector and collimators, as
shown in Figure 2.6. By collimators, the detected photons are expected to come from the inside
of FOV of the collimator. However, for higher energy photons, some photons are scattered in
the collimator or come through the collimator. Thus, gamma-rays sources outside of FOV make
many background, and obstruct the detection of a faint source in FOV.
BG event
Figure 2.6: The schematic view of passive collimator
   For surely rejecting gamma-rays from the outside of FOV, there are two possible improve-
ments. One is the simple method: using a thicker collimator. The collimator becomes thicker,
the higher stopping power the collimator has. But, in this way, FOV is narrower, effective area is
smaller and the collimator is heavier. Because the observations of MeV gamma-ray in astronomy
require the measurements on the satellite-borne or balloon-borne, these depravations make large
demerits for the actual detector-construction. The other way is using an active collimator. For
the rejection of the reaction in the collimator, a veto-counter having sensitivity for gamma-rays,
Iike a high-Z scintillator, is usefu1. The background events, scattering in the collimator, can
be rejected by the anti-coincidence of the veto-counter. On the other hand, the camera may
become more sensitive for intrinsic background and the dead time of the measurement may
increase. Therefore, the observation with collimator is not so sophisticated but quite simple and
conventional in astronomy.
   Until now, OSO-3, SMM and OSSE were based on this method, and HXD Ioaded on Suzaku
is also a telescope of this kind.
22
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2.2.2 CodedAperturelmaging
Now, the practical imaging method is the Coded Aperture Imaging, which was adopted in
SIGMA, INTEGRAL and SWIFT. The detector of coded aperture imaging consists of a position
sensitive detector and a coded mask which carries out a mapping from the incident direction to
the image of the mask's shadow. The coded mask consists of the optical thin material and the
optical thick material, and the mask can be described with a matrix:
Mi)--
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Figure 2.7: Coded mask [27]
   XVhen the gamma-rays come from the direction of J' with the intensity of sJ•, the direction is
projected to the image of mask's shadow, and the photon number of MiJ-sJ• arrive to the detector
of the position i, as shown in Figure 2.7. Therefore, in the detector of position i, the detected
photon number is:
         j
where bi is the number of the background photons detected in the position i, because the photons
from the outside of FOV is the background. Although the incident direction sj is obtained by
resolving this formula, there are two unkno"Tn parameters of sj• and bi, so that the estimation
of background is very important.
   The angular resolution and the FOV depend on the distance between the coded mask and
the detector. For the same mask and the same detector, the camera has a 1arger FOV in the
shorter distance of them, while it has a better angular resolut•ion in the longer distance. IBIS
loaded on INTEGRAL used the full coded FOV of 90 Å~ 90 and obtained the angular resolution
of O.20 in FWHM [1].
   The coded mask is a kind of a collimator, and it is expected that the mask ideally absorbs
the gamma-raÅrr completely. But, because the cross section of the photoelectric absorption is
decreased in proportion to E-712, the Coded Aperture Imaging is not so good for the imaging
of the high energy photons basically. The imaging of high energy photons is required of the
thicker mask. Actually, the mask of IBIS (20 keV - 10 MeV; INTEGRAL) is made of a 1.6 cm
thick tungsten plate, and SPI (3 keV - 8 MeV; INTEGRAL) has a 3 cm thick tungsten mask.
Still, there remains another problem, that ganm)a-rays scattered in the mask are detected as
background.
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2.2.3 Gamma-RayLenses
Although gamma-rays can't be focused by reflection, there are two focusing methods for MeV
gamma-rays. These focusing methods are called Gamma-Ray Lenses. One makes use of Laue
diffraction, and the other makes use of a phase Fresnel lens. Generally, the focusing has the
high angular resolution, but the FOV is narrow. Besides, the focusing can reduce the intrinsic
background, because the detection volume is quite smaller than other imaging methods.
Laue Lenses
The focusing by Laue diffraction is called Laue lens. Although the Laue lenses give us a very
good angular resolution, they focus only the gamma-ray of specific energy due to the principle
of the Blagg scattering as follows,
2d sin e = nA. (2.9)
Then it is impossible to get the wide band energy spectrum using this lens. Here d is the crystal
plane spacing, e is the diffraction angle, n is the refiection order and A is the wavelength. Tb,e
lens of CLAIRE, which was launched in the balloon experiment in 2001, has the FOV of 45 ,
the energy band of 169 - 171 keV and the focal length 3 m [28].






Figure 2.8: The schematic view of Laue Lens [29]
Eresnel Lenses
The other method is a phase Flrresnel lens. Because the refraction index for gamma-ray in matter
is slightly lower than 1, it is possible to focus gamma-ray. The Fbresnel lenses have the angular
resolution limit in the paarcsec, but they require a very long focal length of 109 m. Therefore it
is dificult to realize this method currently.
24
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2.2.4 Comptonlmaging
When the gamma-ray makes Compton scattering in a detector, it is hard to detect the total
photon energy because the scattered gamma-ray brings out some part of the incident photon
energy. Then, the Compton scattering is a hard process in an usual detector, although it is the
most dominant interaction in the sub-MeV and MeV energy regions.
   If the information of both the scattered gamma-ray and the recoil electron are detected, the
energy and the direction of the incident gamma-ray can be reconstructed. This imaging method
is called "Compton Imaging" . The detector based on Compton imaging has a large FOV because
no collimator is required. In actual, COMPTEL loaded on CGRO had a FOV of 1 steradian
[30].
   Compton imaging is an unique imaging method to detect both the energy and the direction
for photon by photon, in the sub-MeV/MeV band. Therefore this imaging is an attractive
method, and many detectors are in development: MEGA, NCT, LXeGRIT, TIGRE and so on.
Classical Compton Imaging
The Classical Compton Imaging used in COMPTEL makes use of the first Compton scattering
in the material. A classical Compton imaging camera consists of two Z detectors of which
materials are light (low-Z) and heavy (high-Z), respectively. A low-Z position sensitive detector
is placed forward, and a high-Z position sensitive detector is placed backward. Figure 2.9 is
a schematic view of a classical Compton imaging camera. An incident gamma-ray makes a
Compton scattering in the low-Z detector, and the scattered gamma-rays are absorbed in the
high-Z detector. Erom these detectors, the following information are measured,
   e the low-Z detector: the recoil electron energy Ei, and the Compton Point (scattering
     point)
   e the high-Z detector: the scattered gamma-ray energy E2, and the absorption point of the
























Figure 2.9: The schematic view of Classical Compton Imaging
Then, using Ei
calculated
       Eo = Ei + E2,
     cos ip == 1 - m.c2
and E2, the incident gamma-ray energy Eo and the scattering angle ip are
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The direction of the scattering gamma-ray is also obtained by connecting the Compton point
and the absorption point, although the two parameters of the direction of the recoil electron is
not measured. Therefore the reconstructed direction of the incident gamma-ray is limited in a
circle (called an event circle as shown in Figure 2.9).
   For getting the direction of the gamma-rays source, the detector requires at least 3 photons,
as shown in Figure 2.10, where the source position is determined fully by piling up circles (the
right figure of Figure 2.10). Although COMPTEL rejected background by using the time of
flight between the up and down detectors [30], the signal to noise ratio was not high, and FOV
is limited.
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Figure 2.10: The Imaging of Classical Compton and the detection of GRB with COMPTEL
(GRB910505 [31])
Multip}e Compton Imaging [32]
For the classical Compton imaging, a good process to obtain the correct direction of an incident
gamma-ray is one Compton scattering in the forward detector and a perfect photoelectric ab-
sorption in the backward detector. However, sometimes the gamma-ray scattered in the forward
detector makes also a Compton scattering in the backward detector, and the second scattered
gamma-ray escapes. Then such as multiple Compton scattering event becomes background for
the classical Compton imaging.
   The Multiple Compton Imaging is an advanced method to resolve this problem. Figure 2.11
is a schematic view of a detector for the mukiple Compton imaging, and the detector consists
of Iayers of several thin position-sensitive detectors. The semiconductor detectors, such as CdTe
or Si/Ge strip detector, are used as a thin detector. When a gamma-ray makes more times
Compton scattering in the detector, the incident gamma-ray energy Eo, the first scattering
angle dii and the second scattering angle ip2 are absolutely obtained















where Ei, E2, E3 are the deposit energies of the first, the second and the third interaction,
respectively. These equations say that it can detect the incident gamma-ray energy even if the
final scattered gamma-ray escapes from the detector. Also this method may reduce background
due to the improvement of the efficiency. On the other hand, the reconstructed direction remains
an event circle same as the classical Compton imaging. Besides, in the reconstruction of an event,
there is a problem of sorting the detected points in the interaction order.
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Figure 2.11 : The schematic view of a Multiple Compton camera
   Nuclear Compton Telescope (NCT) is an example of the multiple Compton imaging. NCT
consists of some 3-dimensional position sensitive germanium detectors, and it measured the
background of 200 - 800 keV on balloon experiment in 2005 I33].
Electron Tlracking Compton Imaging
In comparison to the multiple Compton imaging, which is an improvement method on the energy
information, the Electron [[lrracking Compton Imaging aims to improve the measurement of the
direction of the incident gamma-ray. In the classical/multiple Compton imaging, only the energy
and the position of the recoil electron is measured, which makes it hard to specify which part
of the event circle the gamma-ray comes from.
   The camera based on the electron tracking Compton imaging consists of a tracker, which
detects the track and energy of the recoil electron, and an absorber, which detects the absorption
point and the scattered gamma-ray energy (Figure 2.12). By the detection of the direction of
the recoil electron, we obtain the fully ray-traced gamma-ray image.
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Figure 2.12: The schematic view of an Electron
Tracking Compton camera
Figure 2.13 : The schematic view of MEGA [34]
   The angle a between the recoil electron and the scattering gamma-ray is measured for each
gamma-ray geometrically, and also this angle is obtained by the calculation using the energy of
27
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Figure 2.14: The schematic view of pair tracking camera
recoil electron and scattered gamma-ray kinematically. Therefore we can select the good events
of which the kinematic calculated angle is consistent with the measured one. Because of the
background rejection by the angle or, the electron tracking Compton imaging fits for the MeV
gamma-ray astronomy, whose serious problem is the obstruction by background.
   Medium Energy Gamma-ray Astronomy (MEGA) is an example of the advanced Compton
camera. Figure 2.13 is the schematic view of MEGA. The tracker consists of the stack of
the silicon strip detector and the absorber is Csl scintillator. MEGA detects gamma-ray with
classical Compton imaging below 2 MeV, with electron tracking Compton imaging in 2 - 8 MeV
[34]. But the accuracy of a is low because MEGA uses the solid tracker.
2.2.5 Pair [[beacking
Above 10MeV, a pair creation becomes a dominant interaction, and the pair tracking camera
consists of a tracker, a converter and a calorimeter, as shown in Figure 2.14. When the gamma-
ray comes in the camera, it makes a pair creation in the converter made of the tungsten sheets.
The created electron and positron run through the tracker, and stop in the calorimeter. By
measuring the tracks in the tracker and deposit energies in the calorimeter, respectively, the
momenta of the electron and the positron are measured. Then the momentum of the incident
gamma-ray is obtained by the sum of them. SAS-2, COS-B and EGRET were pair tracking
telescopes using a spark chamber, and LAT of GLAST is also one of similar detectors using the
silicon tracker.
   The pair tracking camera is very similar to the advanced Compton camera. In actual, MEGA
makes use of pair tracking for the detection of gamma-ray above 8 MeV.
2.2.6 SummaryofMeVGamma-RayImaging
I summarize the characters of each sub-MeV/MeV gamma-rays imaging method in Table 2.1.
This table says that there is no `all-rounder'. Therefore, the selection of suited method for the
observation target is required, for example, Laue Lenses fits for observation of the radioactive
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Chapter 2. Detection of Gamma-Rays
2.3 Low Energy Gamma-Ray Observatories
In this section, I briefly summarize several detectors loaded on the satellites for the low energy
gamma-ray observation so far.
2.3.1 CGRO
NASA's Compton Gamma-Ray Observatory (CGRO) was operated from April 1991 to June
2000. Its mission was the first all sky survey in the wide energy bands between Sub-MeV and
GeV. CGRO had 4 telescopes: OSSE, COMPTEL, EGRET and BATSE. In these instruments,
BATSE was a gamma-ray camera for GRB observations. The main properties of OSSE, COMP-
TEL and EGRET are listed up in Table 2.2, and the detected sources with COMPTEL and
EGRET are listed in Table 2.3.
OSSE
The Oriented Scintillation-Spectrometer Experiment (OSSE) used the active and passive col-
limators. Figure 2.15 shows the schematic view of the one detector of OSSE, in which there
were 4 identical detectors on CGRO. The main detector is a phosphor-sandwich (phoswich) de-
tector consisting of the Nal(Tl) crystal (diameter: 33 cm, thickness: 10.2 cm) and the Csl(Na)
crystal (thickness of 7.6 cm). In front of the Nal(Tl) crystal, a passive tungsten collimator was
mounted. Around the main detector and the tungsten collimator, there was the annular shield
of 8.5 cm thick Nal(Tl) crystal for the anticoincidence. For the rejection of charged particles, a
thin plastic scintillator (O.6 cm thick) was placed on the collimator. OSSE had an energy range
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Figure 2.16: The schematic view of
COMPTEL [30]
COMPTEL
The COMPTEL was the first Compton telescope launched on a satellite and was based on
classical Compton imaging. The schematic view of COMPTEL is shown in Figure 2.16. The
low--Z detector of it was a liquid organic scintillator NE213A (geometrical area: 4188 cm2), and
the high-Z detector was a Nal(Tl) crystal (geometrical area: 8744 cm2). For the rejection of
charged particles, each detector was surrounded by an anticoincidence counter dome. For the
background rejection, COMPTEL used the time of fiight between the low-Z detector and the
high-Z detector. COMPTEL had a angular resolution of N 1.250 for 10 MeV gamma-ray.
30
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     Table 2.3
Type of source
: The detected sources with COMPTEL and EGRET [1, 5]
         COMPTEL EGRET


















Normal Galaxies 1 LMC
Active Galactic Nuclei 10 Cen A, etc.
Gamma-RayLineSource 7 sN191T (56Co),
SNR RX J0852..4642 (44Ti),
Cas A (44Ti), Vela (26Al),
Carina (26Al),
Cyg region (26Al),
RE J0317-853 (2.223 MeV)
77 Cen A, etc.







   As shown in Table 2.3, EGRET detected about 270 gamma-ray sources. On the other hand,
COMPTEL detected only about 30 steady sources. It seems the reason is that COMPTEL
could not reject backgrounds completely by the TOF of both detectors. Therefore, the actual
sensitivity of COMPTEL was lower than the design sensitivity.
EGRET
The Energetic Gamma-Ray-Experiment Telescope (EGRET) was based on pair tracking imaging
detector. The schematic view of EGRET is shown in Figure 2.17. The central unit of EGRET
was a multilevel wire-grid spark chamber with interleaved tantalum conversion Iayers. The
trigger counter consists of the plastic scintillator sheets inserted into the lower part of the spark
chamber, and the calorimeter consists of Nal(Tl) crystal with the thickness of 20 cm. For
rejection of charged particles, the anticoincidence hood with the 2 cm thick plastic scintillator
surrounded the spark chamber.
2.3.2 INTEGRAL
The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) mission of the ESA
was launched in 2002. INTEGRAL has two gamma-ray telescopes: SPI and IBIS, and also has
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Figure 2.17: The schematic view of EGRET ll]
two additional monitor instruments: JEM-X, an X-ray instrument between 3 keV and 35 keV,
and OMC, an optical telescope observing at 500-850 nm. The main properties of SPI and IBIS
are listed up in Table 2.2.
SPI
The SPectrometer on Integral (SPI) is based on coded aperture imaging. The detector of SPI
consists of the array of 19 Ge crystals cooled to 85 K, and thus, SPI has a good energy resolution
of2 keV for 1 MeV. The mask of SPI is made by the 3 cm thick tungsten, and the distance
between the mask and the detector is 1.71 m. The whole detector is surrounded by the active
BGO shield of mass of 511 kg viewed by 181 PhotoMultiplier [[iubes (PMT). Due to the high
energy resolution, the SPI's sensitivity for narrow--line gamma-rays is improved at least by a
factor of 10 better than other gamma-ray telescopes.
IBIS
The Imager on Board of the Integral Satellite (IBIS) also uses a coded aperture imaging. The
coded mask of IBIS is the 16 mm thick tungsten mask. The detector consists of 2 layers. The
lower layer is the array of 4096 Csl scintillators viewed by the silicon PIN photodiodes (each Csl
size: 9Å~9Å~30 cm3, total area: 3318 cm2), named PICslT. The upper Iayer is the array of 16384
CdTe pixels (pixel size: 4 Å~ 4 Å~ 2 mm3, total area: 2621 cm2), named ISGRI. ISGRI detects
from 15 keV to 400 keV, and PICslT covers from 200 keV to 10 MeV. The detector layers are
surrounded by the BGO active shield, and a passive tungsten collimator is placed between the
mask and BGO shield. The distance between the tungsten mask and the upper layer detector




3.1 Imaging by Electron [llracking Compton Method
The electron tracking Compton imaging measures both the energy and the direction of the
incident gamma-ray by obtaining with the energy and direction of the scattered gamma-ray and
the recoil electron. In Figure 3.1, the energy and direction of the scattered gamma-ray are E7
and g' , the energy and direction of the recoil electron are K. and e-, the scattering angle is ip,
the recoil angle is th and the differential angle between g- and e- is or, where g-' and e- are the unit
vectors. Then, the incident energy Eo and the incident direction s' of the initial gamma-ray are
described, respectively:
     s'rcs=(cosip-tS.i".ip.)g-'+,S,l.".ipe-; (3.2)
        =E,E+7K.g-'+ Ke}{ie++i.MeC2)e'. (3.3)
where the scattering angle is ip, which is written as follows,
                mec2 Ke
    COS ip=1' E.+K. IilzJ; (3.4)
and the recoil angle th is
    COSth=(1+E7MieCil?.) K.+Kim.c2' (3'5)
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Figure 3.1: The parameters in Electron Tracking
Compton Imaging
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Figure 3.3: The Ety dependence of ip, th, a (Eo =
                                          Figure 3.4: The Eo dependence of oriim662 keV)
The differential angle or between g-" and e-' is described by the definition:
On the other hand, cM is described with E7 and K. by the Compton kinematics:
     cosorkm=(1-MiryC2) K.+K2em.c2 (3'7)
The angle or has a minimum value depending on the energy of ,the incident gamma-ray, and the
minimum is described:
     coscMi!-=(2,# ,s#, E2:ll k==.ll22 (3s)
Figure 3.3 shows the dependence of ip, th and a on Ety, and Figure 3.4 shows the dependence of
oriim on Eo, respectively.
   The angle ce is a characteristic parameter of the electron tracking Compton imaging. The
a makes it possible to select the Compton scattering events from the backgrounds. The cv
is obtained from the equation (3.6) and (3.7), where (3.6) depends on only the geometrical
information, and (3.7) depends on only the kinematic information. Thus, the ag.. is independent
from the aki.. For this reason, we can select good events, in which Compton scattering occurs
in the tracker and scattered photon absorbs perfectly in the absorber, by requiring the follows
   In the Electron [[beacking Compton Imaging, the accuracy of the event reconstruction is
estimated using two parameters. One is the Angular Resolution Measure (ARM), which is the
accuracy of the scattering angle:
     AipARM=arccos (s-• g-')-arccos (1-E7M+eCi?. X') (3.10)
The other is Scatter Plane Deviation (SPD), which is the accuracy of the determination of the
scattering plane:
     AyspD-sign(g-•(lf-.:-.1Å~lf-.ilS,:g-.i))arccos(lf-.':-.'1•Li.I[I\.1) (3-ii)
where s-' is the real direction, and s"',., is the reconstructed direction of the incident gamma-ray.
Thus, the error region of one event is a sector shape, as shown in Figure 3.2.
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Figure 3.6: The TOF distribution [35]
3.2 BackgroundRejection
MeV gamma-rays are produced by various processes such as a de-excitation of nuclei, hadron
interactions and a decay of radioactive nuclei. Actually, COMPTEL had various backgrounds
as shown in Figure 3.5, of which detail was described in [35]. Each process is:
  A Internal Single Photon: Gamma-rays, which are produced at the inside of the detector by
     neutron capture or by radioactive isotopes (like 40K), may make Compton scattering in
     the forward detector, and its scattered gamma-rays are absorbed in the backward detector.
  B External Single Photon: Gamma-rays are produced at another detectors or the satellite
     platform by neutron capture, decay of radioactive isotopes and scattering, and then they
     may make Compton scattering in the forward detector and its scattered gamma-rays are
     absorbed in the backward detector.
  C Internal Multi-photon: Multi-photons are produced by the interactions, like 27Al(n,a)24Na
     or 27Al(n;n',•••)27Al. Then some photons may hit the forward detector and also the
     backward detector simultaneously.
  D External Multi Photon: In another detectors or the satellite platform, some gamma-rays
     may be created by the same processes of C, and some photons may hit the forward detector
     and also the backward detector simultaneously.
  E Random Coincidence: Sometimes, the different photons produced by the independent
     interactions hit the forward detector and also the backward detector accidentally.
  F Cosmic-Ray Interaction: When cosmic-ray comes into the satellite, it interacts with mate-
     rial at the different positions, generates some photons simultaneously. Then those photons
     hit both the forward and backward detectors.
   e Other Process: As the other backgrounds, neutron, electron and atmospheric gamma-rays
     were measured.
COMPTEL rejected the backgrounds using the time of flight (TOF) between both detectors.
Figure 3.6 shows the distribution of TOF by simulation. Although the most events are backward
events in which gamma-ray interacts in the backward detector and then in the forward detector,
these events can be easily rejected using the timing above 1 MeV. But D, E and F events
make continuum component, and the forward peak includes the one third of them. Since the
interaction of A and B events are the real Compton interaction, they are the intrinsic background
and can't be rejected. Moreover, if there is a decay in the forward detector, C events have no
difference in TOF distribution. Therefore, even if we pick up the forward peak, the most of the
selected events are still background events as shown in Figure 3.6.
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   In comparison with classical Compton imaging, electron tracking Compton camera can re-
duce the background using the angle or. Because ofthis kinematic fit, we can enhance the correct
events, and C, D, E and F events can be rejected. Therefore, signal to noise ratio becomes better
than classical Compton imaging.
3.3 DopplerBroadening
In the previous sections, we suppose that Compton scattering occurs with a free electron. That
process is called unbound Compton scatter. However, in actual detectors, electrons are bounded
in the potential energy of the nuclear or molecular orbits. Thus, electrons have a kinematic
energy before the Compton scattering, and the actual scattering (bound Compton scattering)
is affected as follows,
   e scattering cross sectlon:
     Especially, for the low energy photon under 100 keV, the cross section is slightly increased.
   e distribution of scattering angle:
     In comparison with (2.5), the forward/backward scattering is reduced slightly.
   e energy of scattered gamma-ray and recoil electron:
     Because the electron before the scattering has a finite energy, the energy of scattered
     gamma-ray that are scattered at a fixed angle from a monoenergetic source has a narrow
     distribution around the estimated energy from an unbound Compton scattering. This
     effect is called Doppler broadening.
   In Compton imaging, the scattering angle is obtained by the energy of scattered gamma-ray
and the energy of recoil electron. Therefore, the accuracy of the scattering angle (ARM) is
certainly affected by Doppler broadening, and Doppler broadening makes the intrinsic limit for
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Figure 3.7: The ARM distribution of each elec- Figure 3.8: The Z dependence of the ARM [36]
tron orbit (Eo = 200keV, Si) [36]
   Since Doppler broadening is caused by the motion of the electron before the scattering, the
energy distribution of scattered gamma-ray is changed at which orbit the electron recoils. Figure
3.7 shows the uncertainty of the ARM of each orbit. Because the electron at the outer orbit
has the lower kinematic energy, the effect of Doppler broadening is smaller, and the uncertainty
of the ARM is the smaller. The dependence of the uncertainty of the ARM on Z is shown in
Figure 3.8. When Z of target material is larger, Doppler broadening makes a larger uncertainty
of the ARM. Figure 3.9 shows the energy dependence of Doppler broadening. The energy of
an incident gamma-ray is higher, the effect of Doppler broadening is smaller because the initial






















Figure 3.9: The energy dependence of Doppler broadening [36]
3.4 Multiple Scattering
The electron tracking Compton camera can determine the scatter plane using the direction of
the recoil electron, and the incident gamma-rays are reconstructed specifically. The scatter plane
is determined from the scattered gamma-ray direction g- and the recoil electron direction g. The
accuracy of g- depends on the distance between two detectors and the position resolutions of
them. On the other hand, the recoil electron loses the directional information e- because of the
multiple scattering in the material of the tracker. Thus, multiple scattering is an intrinsic limit
of SPD.
   The uncertainty of the scattered angle is described by Moliere theory, which approximates
to a Gaussian for the small angle scattering [37]. At the range x, the scattered angle is:
     e,., == i3'211pileV ff [i+oo3s in (Iilli)], (3 i2)
where 6c, p and Xo are the velocity of an electron, the momentum and the radiation length,
respectively. Figure 3.10 shows the scattered angle depending on the electron energy, and Figure


































































































 3.10: The scattered angle depending on
200keV; gas temperature: 200C)
electron energy (left: 50keV, center: 100keV,
   If the tracker consists of the stack of silicon strip detectors, the recoil electron should pass
via a few silicon layers for the determination of the recoil direction. Generally, the thickness of
the silicon strip detector is 300 - 500 pam. When the recoil electron has an energy of 500 keV, the
scattered angle is about 600, so that it is hard to determine the recoil direction. On the other
37
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Figure 3.11: The scattered angle depending on range
gas temperature: 200C)
(Ieft: 500pam, center: lmm, right: 5mm;
hand, with a tracker using argon gas at 1 atm, if the recoil direction is obtained determinable at
1 mm, the scattered angle is rw 150 and the SPD accuracy becomes well than that of the silicon
tracker. Therefore, a gaseous detector is selected as a tracker.
3.5 Composition of Advanced ComptonCamera
3.5.1 Goal for Next Generation Telescopes
After COMPTEL, there is only INTEGRAL launched as the satellite of gamma-ray observa-
tories, and LXeGRIT, NCT and CLAIRE are balloon experiment with short observation time.
Since SPI and IBIS on INTEGRAL uses a coded aperture imaging, the sensitivity for the con-
tinuum spectrum is worse than that of COMPTEL, as shown in Figure 3.12. Therefore, the
developments of the detector with a higher sensitivity and observations using such a camera are
wished. Then, we set the goal of our detector to `ten times better sensitivity than COMPTEL'.
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Figure 3.12: The continuum sensitivities
X/Gamma-ray observatories [38]
of Figure 3.13: The




   Figure 3.13 shows the effective area of various observatories. This figure says that COMPTEL
had been expected to achieve 1 mCrab source detection in 106 sec observation time if there were
no background. However, actually, the background rejection power of COMPTEL was limited,
as shown in Figure 3.6, and the signal to noise ratio was quite worse than expected. Therefore,
the electron tracking Compton camera, even if its effective area is as same as COMPTEL, is
expected to reach the goal by the improving the signal to noise ratio.
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3.5.2 Requirements for [[beacker and Absorber
A camera based on electron tracking Compton imaging consists of a tracker and an absorber,
so I explain the requirements on each detector.
   A tracker, which is the target of Compton scattering and detects the momentum of the recoil
electron, requires the accuracy of the recoil direction. Hence a gaseous detector looks better as
a tracker than a solid state detector. On the other hand, since the density of solid is higher
by 3 order than that of gas, a solid detector has a larger cross section per unit volume than a
gaseous detector. However, a gaseous detector with a large volume is easily made. Figure 3.14
is the energy dependence of Compton scattering probability. This figure says that Xe gas of
50 Å~ 50 Å~ 50 cm3 at 1 atm which has an effective area of rv 30 cm2, which is nearly equal to that
of COMPTEL (nv 40 cm2) for 1 MeV gamma-ray. Therefore, a gaseous detector can become a
good Compton scattering target. As a Compton scattering target, lower Z material is better,
because lower Z material has a wider energy band of Compton scattering dominance, and has
less effect of Doppler broadening (see Figure 2.2 and 3.8). Besides, for the detection of the recoil
direction with an enough accuracy, the determination of the direction within a few mm length
from the Compton point is required. Since the energy of the recoil electron is in the range from
nJ 50 keV to several hundred keV, the energy loss of the recoil electrons are minimum ionizing
during a few mm from the Compton point. For this reason, the tracker must trace the recoil
electron with several points within a few mm. In summary, a tracker requires the following
features.
   e Large volume gaseous detector : Gas has little impact of multiple scattering, and large
     volume makes up for a small cross section.
   e Compton scattering dominant gas : A gas, which consists of the low Z atoms but have
     a lot of electron per a molecule, is good as a scattering target of Cempton process, for
     example CF4 and CH4.
   e Fine Minimum Ionizing Particle (MIP) tracing : The determination of the recoil direction
     with a good accuracy requires a fine position resolution and fine sampling with a sub-mm
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Figure 3.14: The proba bility of Compton scatteTing (depth of 50cm)
   Absorbers for the scattered gamma-rays are placed around the tracker. In the tracker,
gamma-rays are scattered in various directions. Then an absorber is required to cover the Iarge
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area. Besides, the scattered gamma-rays often have most energy of the incident gamma-rays in
the Compton process, because the probability of the forward scattering is higher than that of
the backward scattering. Therefore a high Z absorber is better for the detection of the scattered
gamma-rays, of which energy is from hundred keV to a few MeV. The energy and position
resolutions of the absorber are strongly related with the resolution of the ARM. In principle, the
ARM has a limit due to Doppler broadening. Then the uncertainty by each resolution is wished
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Figure 3.15: The dependence of ARM un-
certainty by Doppler broadening on scatter-
ing angle (Eo: energy of incident gamma-ray,
GEANT4 simulation)
Figure 3.16: The ARM uncertainty (AvARM)
depending on position resolution and distance
from Compton point
ARM by Doppler broadening behaves as shown in Figure 3.15. From this figure, the uncertainty
of the ARM for 500 keV gamma-rays with the scattering angle of 200 is rv 10 at FWHM. On the
other hand, Figure 3.16 shows the variations of the ARM uncertainty depending on the position
resolution and the distance from the Compton point, respectively. Figure 3.16 shows that the
absorber should have the spacial resolution under 1 mm for the ARM uncertainty of 10. The
requirement of the energy resolution is determined from Figure 3.17. In Figure 3.17, the solid
lines means that the uncertainty due to Doppler broadening is equal to the uncertainty due to






















Figure 3.17: The requirement of en-
ergy resolution for absorber. The
solid line means the ARM uncertainty
by energy resolution, equal to the
uncertainty by Doppler broadening
with constant scattering angle, and
the dashed line is such condition with
constant energy of incident gamma-
ray. The dotted line is typical en-
ergy resolution of real detectors (en-
ergy resolution [%] c[ 1/ energy).
 Energy of Scattered Gamma-Ray [keV]
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should have an energy resolution of a few percents at least. For summarize, the absorber requires
the following features.
   e Large effective area: An absorber is required to surround the tracker.
   e High stopping power: Absorber must have a mass enough to stop the scattered gamma-
    rays.
   e Fine Position resolution: Absorber should have a position resolution of nw 1 mm so that the
    uncertainty of scattered direction must be smaller than that due to Doppler broadening.
   e Good Energy resolution: Absorber should have an energy resolution of several percent for
    hundreds keV.
3.5.3 Advanced Compton Camera with Gaseous Electron Tbeacker
From above-mentioned requirements, we constructed an advanced Compton camera with the
ability of the electron tracking. As the tracker, an usual multi--wire proportional counter does
not fit, because the required fine pitch is not realized in a wire chamber. As an absorber,
semiconductor detectors are dificult to use, because its use is not reasonable for a large effective
area, although they has a fine energy resolution.
   Therefore, we have developed an advanced Compton camera consisting of pa-TPC and a
scintillation camera. pa--TPC is a Time Projection Chamber (TPC) based on pa--PIC, which is
our original gaseous micro-pattern detector having both a fine position resolution and a large
detection area. The scintillation camera is realized at the reasonable cost, although it has a
worse energy resolution than that of the semiconductor detectors. Then we got a good absorber
to make large and thick detection area. An electron tracking Compton camera is comprised from
pa-TPC and the position--sensitive scintillation camera, as shown in Figure 3.18. As a final goal,
we aim at the ten times better sensitivity than COMPTEL for MeV gamma-rays by developing
this detector.
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Figure 3.18 : The schematic view of Advanced Compton Camera with Gaseous Electron Tracker
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thPIC, pa-TPC & Scintillator
4.1 pa-PIC (Micro Pixel Chamber)
The key of the electron tracking Compton camera is the development of the tracker having an
enough position resolution for the recoil electrons. Since an electron is easy to lose the recoil
direction information by the multiple scattering, a high position resolution of a few hundred pam
is required for the tracker. As such a tracker, we have developed pa-TPC consisting of a micro
pattern detector, pa-PIC.
4.1.1 Introductionofpa-PIC
Micro Pixel Chamber (pa-PIC), which has been developed from 2000, is a kind of Micro Pattern
Gaseous Detector (MPGD) l40]. Figure 4.1 is the schematic view of pa-PIC. The pa-PIC has a
pixel electrode like a sliced proportional counter. The substrate is made by polyimide, and the
electrodes are Cu coated with Ni. pa-PIC is manufactured by the print circuit board technology,
and thus the device with a very large area can be easily developed. Actually, the large pa-PIC of
30 Å~ 30 cm2 is now working. Each pixel is aligned with the pitch of 400 pam. pa-PIC has rv 65000
pixels in an area of 10 Å~ 10 cm2 and rsJ 6 Å~ 105 pixels in an area of 30 Å~ 30 cm2, respectively. The
anode and cathode electrodes are connected on the strip, respectively, and these electrodes run
perpendicularly. Therefore, pa-PIC has a 2 dimensional position sensitivity with a fine position
resolution.
   The srpall pixel structure causes a high gas gain (20000 at maximum, and 6000 in stable
operation) and a long stability (1000 hours with gain of 6000), because the pixel electrode is
hardly damaged by discharge, which was a serious problem for Micro Strip Gaseous Chamber.
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Figure 4.1: The structure of pa-PIC
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Figure 4.4: 3 types of pixels: good pixel (left), dead pixel (middle), bad pixel (right)
4.1.2 MorphologyofPixels
The pixel electrode of ll-PIC is manufactured by the following process. The first process is the
electroless plating for creating the seeds of via-fi11 plating. Next is the via-fi11 plating, in which
the anode-holes are fi11ed up, and the polyimide substrate are coated with copper. Then, copper
is etched to obtain a fiat surface. Finally, the pixel electrodes are created by etching.
   The created pixels are classified into the three groups by eye scan.
  1. Good pixels: The structure of the pixel is ideal, as shozzm in the left of Figure 4.4 and
    these pixels make the stable operation. The majority of the pixels is classified into this
    type.
  2. Dead pixels: The dead pixels are due to the miss-plating. The anode hole of the dead pixel
    is not fille
       d up by copper, as shown in center of Figure 4.4, and the electric field does not
    concentrate to the center of the pixel. Then there is no electron avalanche and no signals.
  3. Bad pixels: The bad pixels are due to miss-etching. The bad pixel has a protrusion on the
    edge of the cathode electrode, as sho"rn in the right of Figure 4.4. 0n the surrounding of
    the protrusion, the electric field is too strong to suppress the discharge.
A dead pixel has no signal, even if a high voltage is supplied. Thus, a dead pixel is no problem
g?'.Re.efiga,Bi,zue,eka`l's"Åí,e2".'2"zf•,lf,`:esge,g.'p,{Ilili,p}':g,ad,.ws.',s,Xn,?.sm,s-ii,ar.ga.•Eesargsgs,is
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Figure 4.5: Data Acquisition System for pa--PIC [41]
cm2 pa-PIC at the first production had O.1oro dead pixels in the whole area. Especially in the
worst area, the pixels of 40 % in 3 Å~ 5 cm2 were dead pixels.
   A bad pixel causes discharges, which obstructs the stable operation. The bad pixels distribute
into the whole area at random. The existence ratio is less than O.Ol oro in 10 Å~ 10 cm2 pa-PIC and
that is less than O.1 oro in 30 Å~ 30 cm2 paPIC. The reduction of dead pixels is the first priority
of pa-PIC improvement.
4.1.3 ReadoutCircuit
Since a thPIC has a lot of readout strips (a 10 Å~ 10 cm2 thPIC has 512 ch, and a 30 Å~ 30 cm2
pa-PIC has 1536ch), we have developed a readout system for pa-PIC. The schematic view of this
system is shown in Figure 4.5.
   Each of all strips connects to a preamplifier chip one by one, and the amplifier feeds both
an analog signal and a discriminated digital signal. The analog signal is summed with every
16 channels on the board, and the wave form is digitized by Flash ADC (FADC). The digital
signal is fed to the position encoder one by one. The position encoder takes the coincidence of
the anode signals and the cathode signals, and then it calculates the position of the hit strips.
The number of the hit electrode is sent from the position encoder to a memory module on a
VME system. This hit pattern readout system is rapid, because a CPU on the VME reads only
the hit strip numbers and the clock counter of the coincidence.
High Voltage Supply Board
In a pt-PIC, a positive High Voltage (HV) is supplied on the anodes via the high voltage supply
board, as shown in Figure 4.6, and the right of Figure 4.6 shows the circuit diagram. The board
supplies a high voltage to 256 anode strips. For a 30 Å~ 30cm2 pa-PIC readout, three boards are
needed for x or y coordinates readout. In this board, 256 strips are gathered into 16 groups,
and each group is connected to the HV supply via a register of 1 Gst, then one group is almost
insulated from other groups. Thus, even if the leak current fiows in one group, the pixels of
other groups can be operated safely. In one group, a high voltage is supplied to every 4 strips,
so that effective area is not reduced with the current flow of one group.
   This HV supply board also works as a part of the feedthrough, as shown in Figure 4.7. The
readout of the signals from all strips with the usual vacuum feedthrough connectors is very hard.
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Figure 4.7: The schematic view of the connection of a p-PIC and a HV supply board
The raw signals before a preamplifier is too small to be transfered using a long cable. By this
feedthrough system, we can easily get signals from the vacuum vessel without the deterioration
of the signal to noise ratio.
ASD Bread Board 8e Rack
As a preamplifier for "-PIC, we use ASD (Amplifier-Shaper-Discriminator) chips, which were
developed by KEK for Thin Gap Chamber of ATLAS experiment in LHC at CERN [42]. The
ASD chip has 4 input lines per 1 chip. Each line has a preamplifier, main-arnplifier, discrimi-
nator, analog output and digital outputs. The prearnplifier has a time constant of 16 nsec, and
the analog signal is an output of this preamplifier output sigrial. The digital outputs are the
discriminator outputs in LVDS.
   We use this ASD chip on the bread board shown in Figure 4.8. This board has 64 inputs
and 16 ASD chips per 1 board. All analog signals are summed once in every 16 channels, and
also 32 channels are summed using the 16 channels summing signals. Thus, we get 4 analog
outputs of summing 16 channels or get 2 analog outputs summing 32 channels. Also, all of the
digital output of ASD chips are fed one by one.
   The ASD bread board is inserted in the rack, as sho"rn in Figure 4.9. The rack includes 4
bread boards and a common threshold level supply for the discriminator of 4 Å~ 16 ASD chips.
We can select the internal generation or extemal-input for the supply of threshold level. At the
back plane of the rack, the high voltage supply board is inserted. For the short timing gate of 10
nsec in the position encoder, the difference of the pattern length from the p-PIC strip readout
to the digital outputs is less than 3 nsec.
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Figure 4.8: ASD bread board Figure 4.9: ASD Raclc
Position Encoder
The digital outputs of the preamplifier bread board are inputted into the position encoder
(Figure 4.10). The position encoder consists of 8 FPGAs (Field Programmable Gate Array),
and has 1576 LVDS digital inputs, 5 LVDS IIO ports and the memorÅrr-writing port. In 8 FPGAs,
6 FPGAs are the same type FPGA for the position calculation, one for the encoding and the
other is for the DAQ.
Figure 4.!O: Photograph of position encoder
  Figure 4.11 shows the block diagram of the position encoder. The position encoder is sÅrrn-
chronously operated with the 100 MHz clock generated b}r FPGA 7. Each FPGA for the position
calculation (FPGA 1-6) has 256 LVDS inputs. The Anode hit signals provided by ASD
                                                                chips
are fed into three FPGAs 1-3, and the cathode ones are into FPGAs 4-6. Each FPGA for
the position calculation computes the maximum and minimum number among the hit lines in
one clock of 100 MHz, and then send the minimum and maximum number to FPGA 7.
                                                                 NVhen
FPGA 7 receives the minimum and maximum number of each FPGA for the position encoding,
it takes a coincidence of the x-coordinate FPGA 1-3 and the y-coordinate FPGA 4-6 within one
clock. When there is a coincidence, FPGA 7 calculates the minimum and maximum ID for both
x and y coordinates. After then, FPGA 7 sends these data tto the memorÅrr module with the
count of the clock from the trigger input asÅrmchronously. DAQ-FPGA (FPGA 8) is used for
the communication with other modules, like ADCs or CPU• Besides, FPGA 7 also has an I/O
port for the communication with other module. Using the IIO ports of FPGA 7 and 8, we will
construct even a complicated system compactly•
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Figure 4.11: The hardware mechanism of the position encoder
48
pa-PIC (Micro Pixel Chamber?
4.1.4 Performanceofpa-PIC
Gas Gain
pa-PIC gets a signal amplified by gas multiplication like a proportional counter. A fine structure
electrode of Micro Pattern Gaseous Detectors (MPGD) suffers from a discharge, since a high
voltage at narrow gap of a few hundred pam between an anode and a cathode. In principle,
any MPGD has a triplet junction, at which gas, electrode and insulator connect. Such a triplet
junction is considered to cause a discharge easily. Therefore the gas gain of MPGD is limited
by discharge around the triplet junction. For example, Micro Strip Gas Chamber was able to
be used at a maximum stable gain of rv 1000.
   The gas gain of pa-PIC is shown in Figure 4.12. This figure says that pa-PIC has a maximum
gain of nv 20000, which is very high gain for MPGD. AIso pa-PIC have realized a good stability
with the gain of ew 6000 during more 1000 hours. Thus, pa-PIC is a stable detector having a high
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Figure 4.12: The effective gas gain as a function of the anode voltage (SN040223-1)
Uniformity
Since a10x10 cm2 pa-PIC has 65536 pixels (= 256 ch Å~ 256 ch) and a30Å~30 cm2 one has 589824
pixels (== 768 ch Å~ 768 ch). The non-uniformity of the pixel structure causes a non-uniformity
of the gain on pa-PIC.
   Figure 4.13 shows the gain map of the 10 Å~ 10 cm2 pa-PIC, which surely indicates that pa-PIC
has a good uniformity. The Root Mean Square (RMS) of the gain variation on the whole area
is rsJ 5 %. On the other hand, Figure 4.14 shows the gain map for the 30 Å~ 30 cm2 pa-PIC. The
ratio of the gain between the minimum gain area and the maximum gain area is 2.2, and the
gas gain uniformity is 16.7 % at the RMS.
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Figure 4.13: The effective gain map of 10 Å~ 10
cm2 (sNo4o426-1)
Figure 4.14: The effective gain map of 30 Å~ 30
cm2 (SN041129-1)
4.1.5 u-PIC as an X-ray Imaging Detector
"-PIC is used as an X-ray imaging detector. Figure 4.15 shows a spectrum of 55Fe measured
by 10 Å~ 10 cm2 ll-PIC. Because of the good uniformity of a gas gain, the energ}r resolution
for X-rays of 5.89 keV is 30 91o at FWHM for the whole area. Figure 4.16 is an X-ray image
of a test chart irradiated by the X-ray generator where the shadow of 2 slits per lmm can be
distinguished clearly. Using the image of the edge of this test chart, we obtained the position
ir








Figure 4.15: The spectrum of 55Fe (whole area





Figrire 4.16: X-ray imaging of a test chart with
10 Å~ 10 cm2 ll-PIC [43]
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Figure 4.17: The schematic view of pa-TPC
4.2 Time Projection Chamber with pa-PIC (ps-TPC)
4.2.1 Structure and Principle of pa-TPC
When a charged particle passes through a gas, the gas around the particle track is ionized, in
which a group of ionized electrons are called `electron cloud'. If there is an adequate electric field
in the gas, the electron cloud drifts toward the electric field with the constant velocity. At this
time, the drift time from the ionization point to the termination on the anode can be transfered
to the distance between the ionization point and the termination point. Therefore, if we know
the start timing of the drift, the distance between the ionization point and the anode is measured
by the drift time. Such a system is called a Time Projection Chamber (TPC). A 2-dimensional
detector, for example MWPC, is usually used, and the TPC can measure 3-dimensional positions
of a track of a charged particle.
   pa-PIC is a 2-dimensional gaseous detector, and is surely used as a readout detector of TPC.
A TPC with pa-PIC is called ps-TPC, and the schematic view is shown in Figure 4.17. In our
advanced Compton camera, this pa-TPC is used as a tracker, which detects a fine recoil electron
track.
4.2.2 Gas Electron Multiplier
The energy deposit of MIP in the argon gas is 2.54 keV/cm at the normal pressure, in which a
MIP makes about 3.9 electrons per 400 pam. For the detection of MIP tracks, we must detect
such few electrons, which is very difficult. The MIP tracking needs a high gas multiplication of
2 Å~ 104 at least with thPIC system, but the stable gas gain of kPIC is only about 6 Å~ 103. Then
we use a Gas Electron Multiplier (GEM) [44] for the compensating this gain gap.
   A GEM was developed by Sauli et al., and it is a polyimide foil with Cu-plated electrodes at
both sides, as shown in left of the Figure 4.18. A GEM foil has a lot of small holes as shown in
right of the figure. If the different voltage are supplied to Cu electrodes on both sides, a strong
electric field is generated inside of this hole. When the seed electron drifts into this hole, the gas
multiplication is caused in such a strong electric field. The foil is very thin with the thickness of
50 psm and consists of the low-Z material. But the distance of both electrodes is too short for
a GEM foil to get a high gain alone, and hence the typical gain of single GEM is about 100.
   We use this GEM foil as a pre-multiplier for pa-TPC (Figure 4.19). A seed electron drifts into
the GEM, and the first multiplication is caused by the GEM with the gain of about 10. After
that, the multiplied electrons drift to pa-PIC, and second multiplication is caused by pa-PIC with
51
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Figure 4.18: The photograph and microphotograph GEM. The hole diameter is 70 "m, and the
pitch of holes is 140 pm.
a gain of thousands. Therefore, we can take an enough signal with a gas gain of above 2 Å~ 104.
Figure 4.20 shows the gas gain of the GEM + p-PIC system. In comparison with the gain of a
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Figure 4.19: The schematic view of "-PIC
+ GEM system
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Figure 4.20: The comparison of the gain curve
of GEM + p-PIC and that of "-PIC alone




In an adequate electric field, the pairs of an electron and an ion, which are ionized by a charged
particle, drift with the constant velocity. The ion drift velocity v+ is described with the electric
a,ehilcfin3eenspeintdYsEoniLU8etghaes.gaS PreSSure P: v+ = p+S• Heree the constant p+ is the mobility,
  On the other hand, an electron does not have a constant mobility, and the electron
compiicatediy depends on both E and p. The eiectron drift veiocity v- is described sulgi?bil2iltY
        eE
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where, 7 is the mean free time. Figure 4.21 shows the electron drift velocity as a function of the
electric field. Because T also depends on E/P, v- depends on E/P. This figure says that the
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Figure 4.21: The electron drift velocity as a function of the electric field
Diffusion
Drifting electrons, which at first localize in the ionization point at time t = O, gradually diffuse
by the collisions with a gas molecule. At the time t and position x, the transverse diffusion of
electrons in the width of dx is described by
dN= NVZ[}Fbl
exp (- ii) dx, (4.2)
where N is the number of electrons, D is a diffusion constant. The diffusion constant depends
on the gas condition, and also it depends on the electric field in the case of an electron. Figure
4.22 shows the standard deviation of the transverse diffusion, and Figure 4.23 shows that of the
longitudinal diffusion. Since the diffusion of electrons limits the position resolution for the TPC,
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Figure 4.22: The standard deviation of trans- Figure 4.23: The standard deviation of longi-
verse diffusion tudinal diffusion
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4.2.4 Spectroscopy
The X-ray spectra were measured by the hybrid TPC with GEM and thPIC as shown in Figure
4.24. The signal to noise ratio is better than that with a single pa-PIC due to the higher gain.
Since the TPC system has a large gas volume, TPC can detect comparatively high energy X-
rays. Also the X-ray spectrum of 60 keV from 24iAm is shown in Figure 4.24. The CuKa
fluorescence line is seen in this spectrum due to the irradiation of X-rays to pa-PIC/GEM copper
electrodes.
   Figure 4.25 shows the dependence of energy resolution on the energy, where the dotted line
is got by fitting: '
     AEE .wHM [gl,] =s4. lo (kllv)-0 30 (4 3)
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Figure 4.24: The X-ray spectra with pa-TPC (left:
1 atm, gas flow)
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Figure 4.26: Hamamatsu multi-anode PMT H8500 (left) & GSO:Ce pixel arTay (right)
4.3 Scintillation Camera
Since a scintillator as an absorber of an MeV gamma-ray camera detects both the position and
the energy, the stopping power of the absorber limits the detectable energy range of the MeV
gamma-ray camera.
   As a position sensitive detector, an Anger camera using a monolithic scintillator is an con-
ventional but a powerful method. But if we use a 1arger and thicker scintillator, the scintillation
camera would be a quite large and have huge background, which makes it diMcult to coincide
with a tracker. Furthermore, for the balloon/satellite loading, a 1arge Anger camera has a high
risk that a large monolithic scintillator might be broken by shock.
   Another method is using an array of pixel scintillators. For a Pixel Scintillator Array (PSA),
the position resolution is determined by the pixel size. PSA separates a large area of the garnma-
ray camera to some units. A scintillator has a dead ttme of a few psec for each hit, Since the
detection area of an Anger camera is the monolithic scintillator, the pileup of the several signals
easily happens for a strong irradiation. On the other hand, such a pileup hardly happens using
the PSA, and thus the coinciding with a tracker is easy than the use of an Anger camera.
Besides, PSA has a low risk for the break of the scintillator due to its divided structure. On the
other hand, PSA needs a lot of readout electronics.
   From above reasons, we selected a PSA method for our MeV garnma-ray camera, although
the low power and compact readout system is necessary.
4.3.1 Scintillator&PMT
Table 4.1 lists the properties of various scintillators. As the scintillator for an absorber, the
required properties are a good energy resolution and a high stopping power. For the use of the
pixel structure, the scintillator can be easily handled. Also, for the balloon/satellite loading, the
scintillator is required a radiation hardness. For these purposes, we selected GSO:Ce scintillator.
Table 4.1 says GSO:Ce scintillator has high Z, a high density, a high st•opping power, reasonable
energy resolution, fast decay time, strong radiation hardness and no hydroscopic. Therefore
GSO:Ce matches to PSA as an absorber of our MeV gamma-ray camera.
   For a photon sensor of the scintillator, we selected a multi-anode Flat Panel PMT H850o
made by Hamamatsu Photonics (left of Figure 4•26)• This PMT has 8 Å~ 8 pixels with each size
of 6 Å~ 6 mm2 and geometrical area of 52 Å~ 52 mm2, and its effective area thus is 89 9o. The gain
uniformity of H8500 is not so good, and the ratio of the maximum gain to the minimum one is
about 3.
   For matching the PMT pixel size with the scintillator pixel size, we selected a 6 Å~ 6 mm2
GSO:Ce pixel, where 13 mm height is due to the radiation length of GSO:Ce. A
                                                            GSO array
consists of 8 Å~ 8 pixels, and a reflect•or is inserted between each pixel (right of Figure 4.26).
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4.3.2 HV Operation/Readout System
For the reduction of the number of the readout channel, we use the resistor matrix board as
sho"rn in Figure 4.27, and obtain the position of a hit pixel using the Center Of Gravity (COG)•
On this board, the anode of 3 PMTs in horizontal rows and the intenral of the edge of the column
are connected with
                100 S') register chips respectively. Then, we get a hit position by reading 4
readouts from the corners. These readouts are connected to the preamplifier board, which has
4 preamplifiers having a time constant of 5.4 psec, and the output of the preamplifier is fed into
the shaper having a time constant of O.5 psec. Then the shaping signal is fed to the peak hold
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Figure 4.27: The resistor board
   For the balloon/satellite loading, a compact high voltage power system for PMTs is in-
evitable. We selected EMCO Q12N•-5 as a DC-HV convertor (Figure 4.28), and its specification
is listed up in Table 4.2. We control this DC-HV convertor by supplying DC level from DAC,
which is operated by a VME CPU. We connect• this convertor to PMT one by one, therefore we
can control HV of each PMT individually.
r-=-' '- r---- - Table 4.2:
parameter
The properties of EMCO Q12N-5


















Åq 50 mA (No load)






127 Å~ 1.27 Å~ 1.27 cm3
-25-+70 OC
   Finally, we composite a compact GSO-PSA unit sho"'n in Figure 4.29. 0ne unit has 4 ch
analog signals, 1 signal output line for the trigger, and 1 D-sub 9 pin power line (3 pairs from
DAC and preamp power). By putting several GSO-PSA units around the tracker, a large area
absorber are easily constructed.
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Figure 4.29: The photograph of one PSA unit Figure 4.30: The COG image of GSO (upper)
and the projection of the box-enclosed area
(lower)
4.3.3 Image and Energy Spectrum
By illuminating the whole area of GSO-PSA by an radioactive source, we measure the image of
the COG as shown in Figure 4.30, where we can distinguish each pixel clearly.
   Figure 4.31 shows the i37Cs spectrum obtained from the whole area of one unit, and the
typical energy resolution is 11 !7o for 662 keV at FWHM. The energy dependence of the energy
resolution is shown in Figure 4.32, In this Figure, the dott,ed line is fitted as
    AEE FwHM [g(,] = 33 . Io2 (kfvl )-0 52 (4 4)
Figure 4.33 shows the distribution of the gain of each pixel, and the RMS is iv O.23. VSL7e found
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Figure 4.31: The spectrum of i37Cs measured
with the GSO-PSA
Figure 4.32: The energy resolution depending
of the GSO-PSA on energy
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5.1 1]racking of CosmicMuon
5.1.1 DAQ System for Muon[[lrracking
For a performance test of the pa-TPC, we measured the tracks of cosmic muons. We put plastic
scintillators above and under the p-TPC as shown in Figure 5.1, and took a coincidence of the
upper and lower plastic scintillators as a pa-TPC trigger. This trigger was fed into the position
encoder, and the encoder started to count 100 MHz clock from the trigger generating during 4
pasec. When a thTPC signal came in the position encoder, the encoder stored the clock counter
and the maximum/minimum number of the hit anode/cathode strip in FIFO of FPGA 7. If there
is a coincidence of the anodes and the cathodes during clock counting, the encoder generated an
interrupt signal to the VME CPU after the encoder outputs the hit informations to the memory
module. After the CPU finished the data taking, CPU sent an acquisition end signal to the













Figure 5.1: The setup for COSMICmuon detection
   As a gas of the TPC, Ar 90 % + C2H6 10% was used in flow. The hybrid pa-TPC with GEM
was operated with the gains of 10 for GEM (AVGEM = 250 V) and 2500 for pa-PIC (VAnode = 500
V), respectively, and hence the total gain of 2.5 Å~ 104 was achieved. The maximum drift Iength
was 7.6 cm, and the electric field in the drift region was N 400 V/cm. Also the electric field of
the induction from GEM was N 2 kV/cm.
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Figure 5.2: The histogram ofhit points number Figure 5.3: The tracking efliciency, which is the
Nhit ratio of Nhit)IVMin events to the trigger num-
                                        ber
5.1.2 [[lrracks of Muon & Tteack Efliciency
Figure 5.2 is a histogram of the number of hit points (Nhit) for one muon track. The average of
Nhit is 14.8 for a 10 cm muon track.
   By considering the geometrical trigger efficiency (O.902), the detection efllciency, which is
the ratio of the event number to the trigger number, is measured to be 98.7 %. Figure 5.3 shows
the tracking efliciency, which is the ratio of number of IVhit ) NMi. events to the trigger of the
coincidence of the plastic scintillators. The tracking efficiency of Nhit 2 3 is 97.0 oro, and that of
.ZVhit 2 10 is 69.0 9o. Its reason is as follows. pa-TPC has a poor efliciency for the tracks running
vertically or parallel in pa-PIC, and the major cosmic muon passing through the pa-PIC are near
in parallel to the pa-PIC. Therefore, the tracking efficiency is not so good in this setup.
   Figure 5.4 shows the examples of several tracks of cosmic muons in the kTPC. MIPs like
cosmic muons create only 4 electrons by ionization during 400 pm, which is the pitch of pa-PIC
pixels. Although it is thus difficult to detect MIPs by MPGD, tsTPC can measure fine tracks







Figure 5.4: The track images of cosmic muons with pa-TPC
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Figure 5.5: The histogram of clock counter Figure 5.6: The dE/dX spectrum of cosmic
muons. The solid curve is the best fit with a
Landau distribution
5.1.3 ClockCounterHistogram
Figure 5.5 shows the distribution of the drift time of the pa-PIC. This distribution of the drift
time looks to be divided into 4 regions: the clock of O-8, 9-24, 25-225 and 226-400.
   The events in the first region are pre-trigger events. Because the position encoder calculates
the hit position in a pipeline processing and several clocks are required for the calculation, there
is a few time latency before generating the trigger. The second region is due to the gap events.
The seed electrons, which are ionized in the gap between paPIC and GEM, do not pass through
GEM. Therefore, the gain is lower by a factor rv 10, and the signals of these electrons are so small
that they hardly exceed the threshold. Then, the amount of gap events are quite less than those
events in the drift region. In the third region, the events are generated in the drift region. Good
events are ionized in the drift region, and multiplied by both GEM and pa-PIC. The final region
consists of the drift-over events. These events are due to the random coincidence completely.
   Because the time width of one clock is 10 nsec, the time width of the third region is 2 pasec.
The maiximum drift length is 7.6 cm, and we thus get the drift velocity of 3.8 cm/pasec at bJ 400
V/cm. This value is consistent to the nominal one for the gas mixture in Figure 4.21.
5.1.4 dE/dX Spectrum
Figure 5.6 is the spectrum of the energy deposit per unit length dE]/dX, and the solid curve
is the best fit with the Landau distribution. This fitted Landau distribution has a peak of 2.6
keV/cm. On the other hand, the dE/dX of MIP in Ar gas is 2.5 keV/cm. Therefore this
spectrum is well consistent to the energy deposit of MIP.
5.1.5 PositionResolution
For the measurement of the position resolution on tracking method, we obtained the distance
between the hit points and the track line obtained by fitting. Figure 5.7 shows the distribution of
the residuals, where data are fitted with a 2 dimensional Gaussian in circular polar coordinates:
p(r)dr = iillilllli., rexp (-2 2.,) dr
(5.1)
Obtained a,., is 486 pam. Although the diffusion constant a is AJ 1 mm at the drift length of nw 5
cm, the obtained a,., is smaller than the diffusion a because we use the center of the minimum
hit strip and the maximum hit strip as a hit point.
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Figure 5.7: The histogram of residual between
the obtained points and the fitted straight line.
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Figure 5.8: The histogram of the electron num-
ber for exceeding threshold Ae
5.1.6 Threshold
We estimated how much electrons are required to exceed the threshold in ASD chips. Assuming
that the hit width, which is the distance between minimum and maximum hit strip, is due to the
transverse diffusion, the number of electrons for exceeding threshold A. is described as follows,
     Ae= EuAJI /1. .aX3.M,.M-lll!,5tS,t,rp'P vl2iFlit,.., exp (-2a:2,2..,) dX' (5 2)
where E is the energy deposit per unit length, Al is the track length per clock and iv is the
average energy required to ionize one electron. Figure 5.8 is the histogram of A., and about 2
electrons are required to exceed the threshold.
5.2 Thracking of Recoil Electron
When thTPC is used as a tracker of the MeV gamma-ray camera, pt-TPC must track a low
energy recoil electrons which is easily scattered in the gas. The electron's track looks winding
even in the gas. Therefore it is very difficult to reconstruct a low energy electron track even
with a gaseous detector. In this section, we will estimate the eMciency of tracking electron
by a GEANT4 simulation. We simulate the electron track in the p-TPC using the following
parameters: the transverse diffusion of at,.., = 470 psm/V(iifi, the longitudinal diffusion of
aiong == 235 pam/V6ifi, the time constant of preamplifier of 16 nsec and the 100 MHz encoding
of the hit positions. Here the electron energy is distributed in the range between O - 300 keV.
Also the gas is Ar 90 %+ C2H6 10 % at 1 atm.
   In order to reconstruct the recoil electron track in the Compton camera, following 5 steps
are proceeded in the analysis (Figure 5.9).
  1. Fixing of the TYack Points: In general, a drifted electron cloud extends over several strips.
     Then we record the five encoded values of a thTPC hit data, which consist of the clock
     counter, the maximum ID and the minimum ID of the anode strip, the maximum ID and
     the minimum ID of the cathode strip. Therefore we must determine the hit position on
     the extended hit strips.
  2. Connecting: As shown in the left-lower of Figure 5.9, there are several connections between
     the hit points, and we have to find the correct one (see 5.2.2).
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Figure 5.9: The schematic view of the process to reconstruct the recoil electron track. We obtain
a minimum and a maximum of the hit strip number (Step O). The first step is the determination
of the track points. Next, we reconstruct the track by connecting the track points. Finally, we
determine the initial/end point of the track and the initial direction.
  3. Selection of the Stopping Electron: For the reconstruction of the incident gamma-ray, the
     energy of the recoil electron is needed. However, the recoil electron may escape from the
     fiducial volume of the TPC. Thus we must select the electron stopping in the pa-TPC.
  4. Judgement of the initial/end point of the electron track
  5. Determination of the recoil direction: We determine the direction of the recoil electron by
     fitting the initial part of the track with a straight line.
The analysis of the recoil electron track affects seriously to the efliciency and the angular reso-
lution of the MeV Compton camera. Therefore, the study of the recoil electron tracking is very
important for the gamma-ray reconstruction.
5.2.1 Fixing ofthe 1]rack Points
When the width of the hit strips extends significantly, the extended hit point would include two
or more track points. Then, for the electron tracking, we select the real track points under the
conditions as follows.
   e V(EEIIAF-Ellllll5iE-;(lglliA :-lllilliiiE Åq satrans : As a track point, we obtain the center of hit
     area; (XMaXl}Xmin 7 YmaxlYYmin).
   e Xmax - xmin Åq 3atrans : We obtain two points, (Xmax;Xrnin,ymin) and (=maxgXmin,ymax).
   e Ymax - Ymin Åq 3atrans : We obtain two points, (xmin, YrriaXiYmi") and (xma., Ymax;Ymin).
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Here, x.i. and x.ax are the minimum ID and the maximum ID of the hit anode strip, respec-
tively, and ymin and y.ax are the minimum ID and the maximum ID of the hit cathode strip.
The discrepancy between the obtained track points and the simulated electron track is shown in
Figure 5.10. IIlrrom this figure, the position resolution of the electron tracks is nu 500 pam, which
is nearly equal to the position resolution of the muon tracks (Figure 5.7). Also the ratio of the
number of the used hit points (N.,.) to the number of the all hit points (.ZVhit) is shown in Figure
5.11. This figure says that the events using all hit points are 70 oro and the events using ) 80 %


















: The position resolution ofthe elec- Figure 5.11: The ratio
hit data (N.,.) to the
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of the number of used
number of all hit data
5.2.2 ConnectionofthePoints
For the search of the Compton point, the roughly sorting of the track points is needed. However,
the sorting of the track points in the correct order is a very difficult problem. Then we calculate
the nearly minimum Iength path as the approximate path by the method as follows.
  1. Combine the Nearest Point: As the first step of the sorting, we reconstruct the track of
     (n + 1) points by the combination of the nearest point to the track of reconstructed using
     n points. We obtain the initial track by the repeat of such point adding.
  2. 2-opt and Or-opt: For the improvement of the track, we use the 2-opt method and the
     Or-opt method, with using the random number.
       e 2-opt: We select two points at random, and reverse the order between the two points,
         as shown in Figure 5.12.
       e Or-opt: We select two points at random and cut the part track between the two
         points, and we insert the part track at the random selected point of the residual
         track, as shown in Figure 5.13.
     We select two methods at random, and we compare the length of the new track with that
     of the previous track. If the length of the new track is shorter than the previous one,
     we adopt the new track order. We repeat the search of the shorter track until finding no
     shorter length.
Figure 5.14 shows the absolute value of the correlation coeflicient (Cco,) between the correct
order of the hit points and the obtained one. In this figure, the events of C.., År O.8 is 75 %.
Thus this sorting method looks effectively functional.
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   Figure 5.14: The correlation coefficient between the correct rank and the obtained rank
5.2.3 Selection of the Stopping Electron
For the selection of the stopping electron events, we stud: the correlation between the energy
and the track length. Figure 5.15 shows this correlation in an ideal detector. In this figure,
the events on the solid line correspond to the dE/dX of MIPs. If the electrons deposit all of
the energy in the pa-TPC, such events concentrate along the dashed line. The dashed line is
described as
     L. [cm] = 3 6o x io'3 (kK.e)i82, (s.3)
where L. is the electron track length, and K. is the electron energy.
   On the other hand, taking into account of the position resolution and the eMciency of the
sorting in the simulation, the correlation between the energy and the track length is changed as
shown in Figure 5.16. The solid line and the dashed line are the same as Figure 5.15. Figure
5.16 says that, the correlation of the energy and the track length is kept even if the position
resolution and the efliciency of sorting are considered. Therefore, the events of the stopping
electrons are selected by collecting the events near the dashed Iine.
5.2.4 Judgement ofthe Initial/End Point ofthe Track
For the judgement of the initial/end point of the electron tracks, we use the ratio of the track
length to the distance of the edge point and the middle point. Because the effect of multiple
scattering increases in the end of the track, this ratio of the end part is expected larger than
that of the initial part. The judgement efliciency by this ratio is N 60 %. Figure 5.17 shows the
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Figure iltj: The relation ofthe elec:tron energy
and track length iti the ideal. Th( tilt c)f the
solid line means the dE/dX of MIPs. If tl)e
electron deposits all of the energy, the relation
ofth(b energ.v and the track length is on the
dashc)d-line.
Figure 5.16: The relation of the energy and
the track length with the position resolution of
the lt-TPC. The tilt of the solid lirie means the
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to be the front one by this ratio, and the
5.2.Jr Deterrnination of the Recoil Direction
The firial step is the deterinination of the direction of the recoil electron. For obtaining of the
directi()n, we use the initial part of the track consist,ing of several track points. of "'hich length is
less than 1.5 cm, and then "'e determine the direction with fitting by a straight line. Fi.qiire 5.18
showf' the difference angle betwcxi'n the obtained direction and the direction of electron ejecting.
In the garnnia-ra.v reconstruction, scince we require t,he Conipton scattering kineniatics (a cut).
the events of the correctl.y obtained direction are selected. The ejected direction of a part of the
events is obtained within the angular resolution of rv 300 in sin)ulation. and hence the resolution





In order to the investigate a fundamental feature of the electron tracking Compton camera, we
constructed a prototype Compton camera consisting of a 10 cm pa-TPC and a GSO-PSA. In this
chapter, I describe the system and the performance of the prototype camera.
6.1.1 Absorber & Tlracker ofPrototype
The specifications of the absorber and the tracker in the
in Table 6.1 and Table 6.2, respectively. Also Figures 6.1
bottom absorber and the side absorber, respectively. Usin
constructed an MeV gamma-ray camera.
 prototype camera are summarized
and 6.2 are the photographs of the
g this absorber and this tracker, we








            Gso:ce
   Hamamatsu Photonics H8500
         6Å~6Å~ 13 mm3
   158 Å~ 158 mm2 (3 Å~3 PMTs)
    158 Å~ 52 mm2 x4 surfaces
        (3 Å~1PMTs Å~4)
          so - goo kev
FWHM[%l == 3.3 Å~ lo2 (E./kev)mO•52










Length of stopped electron
Ar 90 oro + C2H6 10 %, gas flow 1 atm
         10 Å~ 10 Å~ 7.6 cm3
         8Å~8Å~ 7.6 cm3
             nv 25000
           3.8 cm/pasec
            100 MHz
            N 485 pam
            2 electron
  FWHM[9o] == s.4 Å~ lo (i:.l:C,e )-O'30
   Le[CM] = 3.60 Å~ lo'3 (ft.e )IL82
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Figure 6.1: The photograph of the bottom ab- Figure 6.2: The phot•ograph of the side ab-
6.1.2 AlignmentofPrototypeCamera
XMien we observe the gamma-rays coming from a quite far point source such as a celestial object,
the gamma-ray comes into a detector in parallel. But, in the laboratory, it is very diMcult to
get the parallel light using a radioactive source. For simulated parallel light (Åq 10), we have to
put a radioactive isotope at tv 5 m from the detector, and the intensity of gamma-rays is too
weak. Then, we put a radioactive isotope at the appropriate distance from the camera, and get
an image by taking the cross point of the source plane and the reconstructed line, as shown in
Figure 6,3, where we use this distance as a known parameter.
•-. 15EgÅr
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Figure 6.3: The side view of aligriment
  Figure 6.3 shows the alignment of the protot}•1)e camera, and Figure 6.4 is the photograph of
the prototype carnera. The distance between the camera window and the source plane is rv 40
cm. Around this camera, there is no shield and no veto counter.
6.1.3 Data Acquisition System of Prototype Camera
Figure 6.5 is the diagrarn of the data acquisition system for the prot•otÅrrpe camera. As a trigger









The photograph of prototype carn-
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Figure 6.7: The timing chart of various signals in the clear cycle
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since the tracker is a gaseous TPC, most of the incident gamma-rays would pass through the
TPC and interact with the GSO scintillators. Therefore, the most of the triggered events do
not have the TPC data. Then we clear the GSO data when the triggered event does not have
a TPC data. The timing charts in the data acquisition cycle and the clear cycle are shown in
Figures 6.6 and 6.7, respectively.
   A generated trigger is fed to the position encoder. When this trigger comes into the position
encoder, the encoder generates a gate signal for the peak hold ADCs, and also starts to count
a 100 MHz clock: In counting the clock, the encoder waits the signal from the pa-TPC during 4
pasec. In the case of no TPC signal, the encoder sends a clear signal to the peak hold ADC for
canceling the held data, and then clears the veto signal for a next trigger. On the other hand, in
the case of a signal coming, the encoder accumulates the hit information during 4 pasec from the
trigger and sends it to the memory module. Then it sends a stop signal to the Flash ADC at
4.5 pasec. After the data transfer to the memory module, the encoder makes an interrupt to the
VME CPU. Then the VME CPU takes the data of the memory module, peak hold ADCs and
fiash ADCs. Finally, the CPU sends the acquisition end signal to the encoder. If the encoder
catches the end signal, the encoder clears the veto signal for a next trigger. The position encoder
also makes the signal about the ID of the hit GSO unit, which let us know which GSO unit
made the trigger.
6.2 Reconstruction of Gamma-Ray
6.2.1 Event Selection
When we reconstruct the incident gamma-rays with
events by applying the following criteria.
(3.1) and (3.2), we select the real Compton
e Number of the [I]riggered GSO Units: A
  electron track in TPC and one hit GSO
  units is one in each real Compton event.
  due to the background such as a charged
  random coincidence.
real Compton scattering event must have one
unit. Thus, the number of the triggered GSO
If that number is more than two, the event is
particle event, a multiple scattering event or a
e Rejection of Low Energy Electron: Because the electron with the energy less than 15 keV
  is affected by multiple scattering, the accuracy of the determination of the direction of
  the recoil electron is very poor. On the other hand, for the determination of the recoil
  direction, we require three points of the electron track at least. Therefore, we require
  K. År 15 keV and Nhit År 3.
e Fully Electron Contained Events: For the reconstruction of the incident gamma-ray, the
  energy of the recoil electron is required. However, the radiation Iength of a gas is so long
  that the recoil electron may escape from the drift volume of the TPC. Therefore, we must
  require the containment of the fuII track of the recoil electron in the pa-TPC. Then, we
  define the fiducial volume of the pa-TPC and the initial point of the electron track must
  be contained in it. Also, for the selection of the stopped electron events, we require (5.3).
e Compton Scattering Kinematics:
  obtain the scatter angle by (3.4).
  relation is required,
       oÅq mec2 IL. Åq 2.
        ff Eor +Ke Ety -
With the reconstruction of the inci









  source:i37Cs 662 keV
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Figure 6.8 : The typical event of the reconstructed gamma-ray
For matching to the kinematics of Compton scattering, we select events by or.
direction is described by the summing of the momenta,
     S'ki"=E,E+7K.g-+ KeSlle++i3fuec2),-
For a real Compton scattering event, s-'ki. is a unit vector within
Then, as the (M cut, we require the following condition,
The incident





Figure 6.8 is an event display for the typical Compton event measured by this prototype detector,
where we find the energy and track of the recoil electron, the energy and absorbed point of
scattered gamma-ray. We can check that the Compton scattering is reconstructed correctly.
Moreover, the source position is also reconstructed accurately.
   With changing the source position, we measured the movement of the images as shown in
Figure 6.9. All images have a peak near the real source position. On the other hand, Figure
6.10 shows the obtained images of the different energy gamma-rays. It is clearly seen that the
peak of the obtained image spreads for the lower energy of the incident gamma-rays.
   Two different sources of a i37Cs (662 keV) and a 54Mn (835 keV) were put at (4cm,4.5cm)
and (-4cm, -4.5cm), respectively, and we obtained the spectrum as shown in the left of Figure
6.11. The peaks of 662 keV and 835 keV are clearly seen in this spectrum, and the continuum
component of the gamma-rays scattered at the outside of the camera is also seen under 600
keV. On the other hand, the Compton edge is not seen in this histogram, because this camera
measures both the recoil electron and the scattered gamma-ray.
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Figure 6.9: The obtained images of the different






Figure 6.10: The obtained
are (Ocm,Ocm).
imas,es of s(]veral diff(ii'ent sources. The .sour('(i posltloll of all imat/;(i
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Pt iformant'e' of I'rototyp(' Ca"tc ra
   1'he rig,lit of FigJure 6.11 is th(b oblain(:d ima/Eie b.v this me;Lgurement. ['hi.s imaf.i,v ha.s peakrh
near the i:S7Cs and 5'i ryln. On the c)ther 1)and. 1).v apl)1.vi!ig the en('rg]y cut of 613 - 711 keV and
78;')' - 88t') keV. the ol)tained imag,es are Figure 6.1'.). and 6.13. ret pectivel.v. Both images have
aii unique peak near th(i gamma-•ray source corresponding to the enersr.v rang,e. Tl]erefore. th(i
l)l'otorypc) camc]1'a cal) s(}I)arat(i mlllti-ell(brEsTy sollrc(is 11sirlsr th(i (ill(]l'g.v illfol'mil(ioll.
6.2.3 Effect ofa Cut
Fis.ures 6.14 and 6.lt') iire the normalized irnag,e.s." before and after a cut, respectively, xvhere t1)e
sour(:e po.sition ib' (Ocm.Ocm). Iii both imagr('s. the svl}ite region means O photons. Compariiig
these images. although both images have a peak near the source position. tlie spread of the
image becomes narrosv and the sig. nal to noise ratio is (iluite improved. aftcr appl.ving, the a ('ut.
6.2.4 Comparison with Classical Compton Imaging
For the coml)arison with the cltLssical Compton iniag,ing. Nvhich htts no information of the dire('-
tion of the recoil electron. iLve anali}'zed the same data 1)v the classical method and c)ur m(.,thod.
The left of Figure 6.16 is obtained by the classical method. tmd the right figure is obtained by
our method. From th(se images. it is clcarly seen that the image obtained by our mcthocl has
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Figure 6.16: The comparison of the image by the cltLssical Compton imaging (left) and the
iniage by the electron tracking Coinpton iinaging (right). The gannna-ray source is i37Cs at
(12cin,Ocin).
6.3 PerformanceofPrototypeCamera
Figure 6.17 shows the energ.v spectruni under each event, sele('tion, and Figure 6.18 shows the
energ.v resolutions of the it-TPC, the GSO-PSA, and the combined one, Nvhere the ener6..v rescF
lution of our Compton camer'a wcas found to be limited b.y• the that of GSO-PSA.
   Figure 6.19 shows the resolution of the ARM AÅqb,xR.x[, and Figure 6.20 shows that of the SPD
AuspD. XVe obtained the resolution of tl)e ARAI by fitting with a lorentzian. and obtained the
resolution of the SPD by fitting with the coinbination of a gaus. sian aiid constant, coniponent.
Figure 6.21 shows the ener.nyr dependence of the resolution of ARAI and SPD. The resolution of
the ARAI becoines better as the ener.grv' of the incident gtunina-ra.v increases. because it depc}ndg.
75









, t. ,.t..'"'t'Xt,Xt" ...ve .-'"t'






    keq,,Y,veleM\nF+ttijgmwh
ilL, '
fiX'
 'i'g'  iiiL/i.1;a••g iliiL,t'tk '\l•Si-il'l i' •i
soo loeo 12oo 14oo
            E, [keV]
The spectra of the sum energy of





      i
          lo 102 E[ke"?S
Figure 6.18: The energy resolution of the ps-
TPC, the GSO-PSA and the Compton camera.
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Figure 6.19: The histogram of the uncertainty
of ARM (i33Ba, 313 - 399 keV). The solid line
is obtained by fitting with a Lorentzian.
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Figure 6.20: The histogram of the uncertainty
of SPD (i33Ba, 313- 399 keV). The solid line
is obtained by fitting with the combination of
a gaussian and constant.
on the energy resolution of the absorber and the tracker. On the other hand, FWHM of the
SPD is nearly constant. This reason is that the detectable energy range of the recoil electron
has little change with the energy of the incident gamma-rays, because that range is limited by
the drift volume.
   The detection efliciency of on-axis source is shown in Figure 6.22. The prototype camera has
the maximum eficiency of3Å~ 10-5 at about 350 keV, and has the energy range from 100 keV
to 850 keV. Figure 6.23 shows the dependence of the effective area on the zenith angle. This
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Figure 6.21: The energy dependence of the resolution of ARM and SPD. For the comparison,
the resolutions of MEGA detector in the electron tracking mode are also plotted. The circles
and the boxes are the FWHM of the ARM and the SPD of our camera respectively, and the
triangles are the FWHM of the ARM of MEGA in the electron tracking mode. The cross is the
two times of the HWHM of the SPD of MEGA. The dashed-line is the intrinsic limit of ARM
by Doppler broadening in an Ar gas. Also, the solid line is the calculated ARM resolution with
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Figure 6.22: The dependence of the detection
eficiency on the energy of the incident gamma-
rays. The solid line is the Compton scattering
probability in an Ar gas of 8 cm depth.
Figure 6.23: The dependence





7.1 Design of Flight Model
For the MeV gamma-ray observation in astronomy, we must launch this detector in space. Then,
for the future observation in spacecraft loading, we have a plan of the balloon experiments, Sub-
MeV gamma-ray Imaging Loaded-on-balloon Experiment (SMILE). The SMILE plan consists of
3 steps. At the first step, we confirm the gamma-ray detection using this camera for observing
diffuse cosmic gamma-rays and secondary ones generated by the collision between high energy
cosmic-rays and nuclei in the air. The second step will be the observation of bright sources, like
Crab or Cyg X-1, in the short time of about 6 hours using a larger detector (ev 30 Å~ 30 Å~ 30
cm3). The final step will be the observation of several sources in the long time more than a few
days.
   This work is the first step of the SMILE project, and concretely we aimed the following
ltemsi
1. 0peration ofu-TPC & Gamma-Ray Detection at High Altitude: The pa-TPC is our original
  detector and has no fiight experience. At the very high altitude, the cosmic-rays including
  the heavy ion come and deposit Iarge amount of their energy in the detector. Therefore
  we must study the performance of p-PIC and GEM for such charged particles. Although
  we have already measured the gamma-ray detection on the ground using the prototype
  camera. We have to check the performance of our camera for detecting celestial gamma-
  rays in such condition.
2. 0bservation of Diffuse Cosmic Gamma-Rays and Atmospheric Gamma-Rays: For the fu-
  ture observation, it is necessary to know how much background gamma-rays from the
  air affects. As the background gamma-rays, there are atmospheric gamma-rays and the
  gamma-rays produced by the interaction of cosmic-ray with the gondola. Then, by mea-
  suring the variation of gamma-ray fiux depending on the altitude, we aim to measure both
  diffuse cosmic gamma-rays and atmospheric gamma-rays separately.
We construct a fiight model detector to match with these purposes.
7.1.1 Cosmic-Ray Fluxes at Balloon Altitude
Figure 7.1 shows the spectra of diffuse cosmic X/gamma-rays reported by various balloon ex-
periments [46], where the fitting for those data is described as
(ddNV)..,.,. = 30 Å~ E-2OÅ}O2 photons cm-2secmistr-ikev-i (7.1)
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When cosmic gamma-rays pass through the air, a part ofthem are attenuated by the atmospheric
depth or scattered in the air. Therefore, the flux of diffuse cosmic gamma-ray is changed as:
     (ddliV )[.,.,. = (1 + P(Z' E)) eXP (-Z/T) (ddNif)..,.,.' (7 2)
where z and 7 is the atmospheric depth and the mean free pass of the total attenuation in the
air, respectively. p(z,E) is the ratio of the scattered component to the gamma--rays reaching
the detector without any interactions. For example, p(100keV) rv 1 and p(IMeV) rv O.25 at
z rv 10g/cm2 [46, 471. Also this ratio has the dependence of p(z, E) o( log(1 + z/T.b,) on the
atmospheric depth [48], where T.b, is the mean free pass of the absorption in the air.
   On the other hand, the spectra of atmospheric gamma-rays, secondary proton, secondary
electron and secondary positron in the air shower depend on the geomagnetic latitude [49]. At
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in unit of photons sec-i m-2 str-i MeV-i, respectively. Below 100 MeV, the spectra of proton
and electron/positron were assumed by the extrapolation from the fiux in the higher energy
reglon as
(dd"EP) at-os = O ' (











7.1.2 Design of Flight Model for First Flight
Our advanced Compton camera, however, has a low detection eMciency because of the gaseous
Compton target. In order to increase the efiiciency, we used a Xe TPC gas in the fiight model
tracker instead of Ar, which has a higher cross section of Compton scattering. Another improve-
ment is the increase of the drift volume from 10 Å~ 10 Å~8 cm3 to 10 Å~ 10 Å~ 14 cm3, which increases
twice the detection efficiency. However, the increase of the drift length needs the increase of the
area of GSO units. Finally, we determined the design of MeV gamma-ray camera 2n Figure 7.3.
7.1.3 Particle Incoming to Detector
Since it is very dificult to operate the detector and the electronics in a vacuum, a pressure
vessel to seal them in is necessary. Then we construct an Al vessel with the diameter of 1 m,
the height of 1.4 m and the thickness of 3 mm, which has an attenuation factor of 13 oro for 100
keV and 5 9o for 1 MeV. In order to estimate how much particle will come into the detector by
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Figure 7.1: The diffuse cosmic X/gamma-ray Figure 7•2: The spectrum of atmospheric
spectra reported by various experiment [461 charged particles and atmospheric gamma-rays
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Figure 7.3: The schematic view of flight model detector
simulation, the source particle were generated from the zenith direction with the spectra shown
in Figure 7.2. As the sensitive area, we assumed a 30 cm cube at upper half of the inside of the
vessel, and count the particles coming into this sensitive cube as shown in Figure 7.4.
   Then the obtained spectra for the various particles are shown in Figure 7.5. Ilrrom Figure 7.5,
the dominant component is found gamma-rays. But, because our detector has a low efliciency
for gamma-rays, the detected rate for gamma-rays must be rv 1 Hz. On the other hand, since the
efficiency for the charged particles is nearly 1, the trigger rate of the charged particles is expected
to be a few kHz. Therefore, if we use a simple trigger system, almost all triggered events would
be occupied by charged particles, and the Iive time would be dramatically decreased. For this
reason, we must adopt a sophisticated trigger system to reject charged particles.
   Since a minimum ionizing particle typically deposits an energy of 890 keV/mm in the GSO
scintillator, the energy deposit in our GSO unit by charged particles reaches 12 MeV. On the
other hand, the fiight model detector is designed to detect the gamma-rays below 1 MeV.
Therefore, with the upper threshold of about 1 MeV, the charged particles would be easily
separated by the gamma-rays detected in GSO, because the quenching factor of the general
scintillator, which is the light yield of photon to proton, is about O.1. Then, we adopt two
thresholds for GSO units: the lower one is for the trigger generation, and another one is for the
veto of charged particles. Also we placed a thin plastic scintillator over the tracker as a veto for
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Figure 7.4: The schematic view of the pressure
vessel. we deal the 30 cm cube in this vessel as
a sensltlve area.
Figure 7.5: The spectra of incoming particles.
The dashed lines are count rates of source flux
into 30 x 30 cm2.
downward charged particles.
7.1.4 ExpectationofGamma-RayDetection
To simulate the performance of our camera, we constructed an MeV gamma-ray camera with
a TPC with a Xe gas and GSO units in the simulation, of which properties are summarized
in Table 7.4 and Table 4.1. In the GEANT4 simulation, we considered Doppler broadening,
multiple scattering in the TPC gas, the alignment, the position encoding of pa-TPC and the
energy resolution of both pa-TPC and GSO. However, we did not consider the diffusion of the
electron cloud and the response of preamplifier because of the reasonable calculation time.
   Figures 7.6 and 7.7 show the dependences of the detection efficiency on the incident gamma-
ray energy and the dependence of the effective area on the incident angle, respectively. As shown
in Figure 7.6, a detection efliciency of the fiight model is estimated rv 10-4, and the energy range
from 100 keV to 1 MeV is expected to be measured. Moreover, from Figure 7.7, the effective
area is decreased a half at the zenith angle of nL, 600, and the FOV of this detector is estimated
about 3 str.
   Using above results, the expected photon fiux of the cosmic gamma-ray is presented in Table
7.1, and about 100 photons would be detected during 3 hours observation at the altitude of 35
km. On the other hand, as the altitude decreases, the less number of cosmic diffuse gamma-rays
would come and the more number of atmospheric gamma-ray would come into the detector.
Table 7.2 summarized the expectation of the photon flux at various altitude during 3 hours
observation. Consequently, we note that the total detected photon flux would not be changed
so much, but only the ratio of cosmic and atmospheric gamma-ray would be changed.
7.2 Data Acquisition of Flight Model Detector
Figure 7.8 is the block diagram of the data acquisition system of the SMILE. This system is
based on the system of the prototype camera, and the veto system for the charged particles was
added. In addition, this system has a GPS module, a scaler for the status monitoring, and also
a discriminator for the remote control of the threshold. The CPU of the system is a VME bus
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Figure 7.6: The simulated detection efficiency
as a function of the incident gamma-ray energy.
The incident angle is OO
Figure 7.7: The simulated effective area as a
function of the incident angle. The incident
gamma-ray energy is 300 keV.
Table 7.1: The expectation of the detected
level flight at the altitude of 35 km
       Energy Flux pt
        [keV] [ty / (cm2 sec str)]
photon number
Efliciency










































t: p is the ratio of the scattered component to the gamma-rays reaching the detector without any interactions.
Table 7.2:
  Altitude
The expectation of detected photon number at various altitude during 3 hours


































































































Figure 7.8: The diagram of SMILE data acquisition system
board computer on Linux, and controls all system. Both monitoring data and the event data
of Nhit År 3 are acquired via VME bus, and are saved in the IDE HDDs. The system has two
HDDs, and saves the same data, respectively for the redundancy.
   We designed two operation modes in the DAQ system. One is the Compton Camera Mode
for the gamma-ray detection. The other is the Charged Particle [[lrracking Mode for checking
the detector performance. We change two modes by the remote operation via the CPU. The
working status of the data acquisition program is monitored by another program. As the fail
safe, if the acquisition program would break down at fault, the script starts up the acquisition
program again automatically.
7.2.1 ComptonCameraMode
The Compton camera mode is the main data acquisition mode for the SMILE system. The
detection logic is the same as that of the prototype system basically. This mode consists of
three different type triggers. One is a GSO unit trigger for the gamma-ray detection. Second is
a veto trigger for the rejection of charged particles. The Iast is a GPS trigger. For the generation
of triggers, the position encoder waits during the 100 nsec after the first trigger incoming due
to the time lag between the lower threshold hit and the upper threshold hit of the GSO unit.
GSO Unit Tteigger
When the pulse height of the GSO signal is between the lower and upper thresholds, the dis-
criminator generates a GSO unit trigger. The position encoder receives the GSO unit trigger,
and then the encoder starts the Compton camera logic, which is similar to the prototype proce-
dure. Figures 7.9 and 7.10 are the time charts of this mode in case of TPC signal incoming and
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Figure 7.11: The timing chart with a veto trig
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no coming, respectively. Because the maximum of the drift length of the flight model TPC is
longer than that of the prototype TPC, and the drift velocity in Xe gas is slower than Ar gas,
the waiting time for TPC signals is 8 pasec.
Veto [[beigger
When the pulse height of the GSO signal is larger than the upper threshold or when the signal
comes from the anti-coincidence counter, the DAQ system generates the veto for the trigger, as
shown in Figure 7.11.
   If a veto trigger was generated, charged particles would pass through the pa-TPC, and would
deposit a large energy in the GSO scintillator unit. Therefore, the system must wait for the
maximum drift time (t-v 8 psec) or the recovering time of the GSO signal undershoot (fv 30
pasec). Thus, the position encoder must wait during 100 pasec after a veto trigger. Since the
DAQ system requires several msec for the acquisition data, the veto system is very useful to
decrease the dead time.
GPS [[teigger
Our system has a GPS module to measure the balloon position and the current time. The GPS
module also generates a pulse per 1 sec. We use this pulse as a trigger, in order to test the
system condition. By this GPS trigger, the position encoder works as iike the GSO unit trigger
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and TPC signal incoming (Figure 7.12). In addition, we measure both the pedestal of the peak
hold ADC and the noise level of p-TPC in the flight.
7.2.2 Charged Particle Tracking Mode
The Charged Particle Tracking Mode is used for the check of t•he p-TPC's performance at the
high altitude. Figure 7.12 shows the timing chart in this mode. NN71ien the position encoder
receives any two triggers of GSO unit or plastic scintillator during the 100 nsec, the procedure
starts. This mode does not acquire the GSO unit data, since the purpose of this mode is the
test of the ll-TPC and the GSO data are not required. We can know the triggered scintillator
by the `"igger hit M'.
7.2.3 Dead Time Measurement & Condition Monitoring System
To monitor the dead time, the position encoder generates `10 MHz clock' and takes `the coinci-
dence of VETO and 10 MHz clock'. VLTe count the number of the coincidence by the scaler in
this system, and obtain the dead time from the ratio of these counts. Also the scaler counts the
hit number of each scintillator without VETO, for the check of the scintillator performance.
   The system also has a DC-type ADC system for the measurements of the balloon system
status. This ADC measures the voltage of the power supp!ies, the current of thTPC HV, the
geomagnetic field, the tilt angles of the vessel, the pressure, and the temperatures of several
points inside or outside the vessel. For the measurement of the position of the balloon and the
current time, the CPU often contact to the GPS module via a serial port.
   Then the CPU saves the da'ta of the scaler, the DC-type ADC and the GPS module into two
HDDs.
7.3 FlightModelpa-TPC
As a flight model TPC, we developed a TPC with the drift length of 15 cm, as shown in Figure
7.13. Since the gas volume of the fiight model TPC is twice bigger than that of the prototype
due to the longer drift region, the Compton probability becomes twice higher than that of the
prototype even with the same gas. The gas vessel is made of a GIO frarne and an Al window
with the thickness of 2 mm, and #-PIC is put on an Al flange with the thickness of 16.7 mm. A





Figure 7.13: The photograph of 15 cm d
(right)
rift cage (left) and the schematic view of the gas vessel
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Table 7.3: The
model pa-TPC
    Parameter
gas properties of the fiight
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Figure 7.16: The longitudinal diffusion of 2 dif-
ferent gas
7.3.1 Properties of TPC Gas
In order to measure the diffuse cosmic gamma-rays, we must increase the detection effciency
of the fiight model Compton camera to ten times of that of the prototype camera. Therefore,
as a TPC gas, we used a Xe gas. Since Xe gas gives us a lower gas gain than Ar gas with
the same voltage, a higher voltage is required for enough gain to detect MIPs tracking, and the
stable operation becomes diflicult. Then we mixed Xe with Ar in order to decrease the operation
voltage. Also ethane gas is added as the quenching gas.
   The theoretical properties of the TPC gas are listed up in Table 7.3. Expected dE]/dX for
MIPs in this gas is about 5.3 keV/cm, which is twice of that of Ar gas. Also the average of Z
is twice of Ar. Therefore, the Compton scattering probability is about twice higher than that
of Ar gas, and the fiight model TPC is expected to detect the higher energy electrons than the
prototype TPC. Figure 7.14 shows the electron drift velocity, and Figures 7.15 and 7.16 show
the transverse and longitudinal diffusion in the TPC gas and Ar gas, respectively. With the
TPC gas, the electron drift velocity is a half of the drift velocity in Ar gas, and the diffusion is
nearly equal to that in Ar. Therefore the longitudinal position resolution of this gas is better
than Ar gas.
7.3.2 GainUniformity
We operated the flight model pt-TPC with the anode voltage of 550 V for pa-PIC and the dif-
ferential voltage of 400 V for the GEM. The obtained gain uniformity is shown in Figure 7.17.
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Figure 7.19: The spectrum of i09Cd by the Figure 7.20: The energy resolution ofthe fiight
flight model TPC model TPC
The average of gas gain is about 3.5 Å~ 104, and the RMS of the gain uniformity is about 12 9o.
In comparison with the prototype TPC, the fiight model TPC has a higher gas gain, but the
uniformity is worse. This makes the energy resolution worse. However, the tracking efficiency
is expected to be not affected because of the enough high gain.
7.3.3 Clock Counter Histogram
Figure 7.18 shows the distribution of the drift time obtained by the fiight model TPC, where the
drift region corresponds to the clock of 10- 600. The length of the drift region is about 14 cm,
therefore the electron drift velocity is about 2.37 cm/pasec. Because the electric field in the drift
region is 380 V/cm, the theoretical drift velocity is 2.5 cm/pasec from Figure 7.14. Therefore,
the measured velocity is well consistent to the Figure 7.14.
7.3.4 EnergyResolution
Figure 7.19 is an obtained energy spectrum of i09Cd, and Figure 7.20 shows the energy resolution.
In Figure 7.20, the dashed line is obtained by fitting, and is described as follows,
     EItlt FwHM [gl,] == g7. Io (kgvl )-0 22 (7 g)
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Figure 7.22: The histogram of residuals at the
drift length of 6- 7 cm Figure 7.23: The position resolution depending
on the drift length
In comparison with the prototype TPC, the energy resolution of the flight model is worse, which
may be due to the non-uniformity of the gain. Another reason is that the TPC gas of the flight
model is sealed, while the gas of the prototype TPC flows. Therefore, the gaseous purity of the
flight model is worse than the purity of the prototype TPC, by the outer gas. Because the outer
gas captures the seed electrons and the gain uniformity is not good, the flight model has the
worse energy resolution than the prototype.
7.3.5 PositionResolution
With the charged particle tracking mode, we observed the cosmic muons. In Figure 7.21, several
tracks of cosmic muons obtained by the ground experiment using the fiight model TPC are
depicted.
   For the measurement of the position resolution of tracking, we obtained the residual between
the hit points and track obtained by fitting. Figure 7.22 is a histogram of the residual at the
drift length of 6 - 7 cm. In this figure, the solid line is obtained by fitting with a 2 dimensional
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Xe + Ar + C2H6, sealed 1 atm
     10 Å~ 10 Å~ 14.s cm3
       9 Å~ 9 Å~ 14 cm3
          ev 35000
        2.4 cm/pasec
         100 MHz
aFM[mm] == (4.2 Å~ 10-2)2 + (3.4 Å~ lo-ivX7)2
                Åq 150 keV
      FWLIt!!l5![2a-zs:!Hs-I!g-clilM[%]s4Å~lo()030
Gaussian in circular polar coordinates (5.1). Also Figure 7.23 shows the position resolution
depending on the drift length. The solid line in this figure is
aFM [mm] = (4.2 Å~ 10"2)2 + (3.4 Å~ lo-i V7)2. (7.10)
7.3.6 Summary ofFlight Model pa-TPC
I summarize the performance of the fiight model ps-TPC in Table 7.4 based on the ground test
resuks. In comparison with the prototype TPC, the fiight model pa-TPC has a larger volume
and a larger Compton scattering probability, but the energy resolution is worse than that of the
prototype. However, since the first priority of the flight model developing is the improvement
of the detection efficiency, this TPC has the enough performance.
7.4 Performance ofFlight Model Detector
For the fiight model of the MeV gamma-ray Compton camera, we constructed a bottom absorber
(Figure 7.24) and 4 side absorbers (Figure 7.25). The performance of each GSO unit is similar
to that of the prototype. With these GSO arrays and the fiight model thTPC (Table 7.4), we
constructed the fiight model MeV gamma-ray Compton camera (Figure 7.26). In this section,
the performance of the flight model detector is investigated.
   Figure 7.27 shows a 3D image of a typical Compton scattering event obtained by the flight
model detector. In order to check the performance of the fiight model Compton camera, we
measure gamma-rays using the radioactive isotopes, and also measure the background gamma-
rays using no source with Compton camera mode. The spectra of i37Cs and the background
gamma-rays are shown in Figures 7.28 and 7.29, respectively. In these spectra, the peak of
662 keV from i37Cs is clearly seen, and the spectrum of the background gamma-rays has no
characteristic peak. On the other hand, When the position of the gamma-ray point source
(i37Cs) changed, we obtained the images as shown in Figure 7.30. The source position are
reconstructed correctly in these images.
   The energy dependence of the energy resolution is shown in Figure 7.31, where the solid
line, the dotted-line and the dashed-line are the energy resolution of the flight model camera,
the GSO units and the kTPC, respectively. In the comparison with the prototype, the energy
resolution of the fiight model Compton camera is worse than that of the prototype camera, as
mentioned previously. However, it seems that the flight model has an enough energy resolution,
since diffuse cosmic and atmospheric gamma-rays have continuum spectrum.
   Figure 7.32 shows the dependence of the angular resolution of ARM and SPD on the energy
of the incident gamma-rays. Those looks simi!ar to the energy dependence of the prototype's
ARM and SPD. However, in comparison with the prototype, the flight model has the worse
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The flight model of side absorber
Figure 7.26: The phot•o.qraph of the flight model detector and the Al vessel
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Figure 7.30: The obtained images by irradiat,ion of gamma-rays from i37Cs, which was put at
the distance of tv 50 cm from t,he camera "'indow. The source position are (Ocm,Ocm) and
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Figure 7.31: The energy' resolution of the
flight model camera. The dotted-line and the
dashed-line are the energy resolution of the
GSO units and the flight model ll-TPC, respec-
tively. Also the solid line is that of the flight
model camera expected by a calculation.
Figure 7.32: The dependence of the ARAf and
the SPD on the energy of the incident gamma-
rays. The circles and the boxes are the FWHM
of the ARA'I and the SPD, respectively. The
datba of a GEANT4 simulation does not include
the electron diffusion in the TPC and the re-
sponse of the preamplifier.
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Figure 7.33: The dependence of the detection
eficiency on the energy of the incident gamma-
rays. The solid line and dashed line are the ob-
tained effciency and the simulated eficiency of
the fiight model, respectively. Also the box is
the obtained eficiency of the prototype.
Figure 7.34: The dependence of the effective
area on the zenith angle. The energy range is
600- 724 keV. The dashed Iine is the simu-
lated effective area for the gamma-rays of 300
keV and 662 keV.
angular resolution of both the ARM and the SPD. Since the purpose of this SMILE is not the
measurement of the celestial point sources, we consider that the flight model has an enough
angular resolution.
   The detection efficiency of the on-axis source is shown in Figure 7.33, where the circles and
the triangles are the experimental value and the simulation one, respectively. The detection
efficiency is N 10-4, which is roughly consistent with the simulated one. Also it was increased
by 10 times than that of the prototype due to the improvements of pa-TPC. On the other hand,
Figure 7.34 shows the variation of the effective area depending on the zenith angle. This figure
says the effective area is decreased to a half at the zenith angle of rv 600, thus the FOV of the
flight model is about 3 str. This value is roughly consistent with that of the detector design.
   Summarizing the performance of the flight model, it has a larger effective area and a larger
FOV, but the angular resolution and the energy resolution are worse than those of the prototype.
Because the increase of both the sensitivity and the FOV are most significant improvement in




8.1 First Flight of SMILE
8.1.1 Specification of Physical Instrument
VLTe put our detector in a 1 mg5 Å~ 1.4 m Al vessel, and the vessel was fixed at the Al gondola
with the size of 1.20 Å~ 1.45 Å~ 1.55 m3, as shoNvn in Figure 8.1. At both sides of the gondola, the
batteries and the ballast boxes were attached, and the gondola was packed with the expanded
polystyrene. The specifications of the first SMILE balloon are listed in Table 8.1. The total
weight is 816 kg: the balloon 263 kg, the gondola 397 kg, the ballast 130 kg, and the other
applications (parachute, cutter and radio-buoy) 26 kg. The total power consumption is about
350 W, where the power in the vessel is tv 250 W and the conversion loss is ev 100 VVT. The SMILE
gondola has two clinometers and two geomagnetic aspectmeters for the posture measurement of
the gondola. Also there is a fine pressure gauge outside the gondola, a general pressure gauge
inseide the vessel and a differential pressure gauge inside the TPC vessel. Also 23 temperature
sensors are set inside and outside the vessel, where 12 sensors inside of the Al vessel and 11
sensors outside. To reach a ceiling altitude of 35 km, we used a balloon with the volume of 105
m3 (BIOO, Fujikura Kousou). By a BIOO, the pressure at the expected altitude is
850 Å~
819[kg]
105 [m3] = 7.0[hPa].
(8.1)
Therefore, the expected altitude is about 34.1 km.
Table 8.1:
balloon
The specifications of the lst SMILE











     Fujikura Kousou
      Bloo (lo5 m3)
ize 120 Å~ 145 Å~ 155 cm3
         816 kg
         263 kg
         397 kg
         130 kg
        tv 350 W
     double tone 15 ch
     Bi-phase 64 kbps
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Figure 8.2: The left is photograph of final st:rle of gondola on a launcher. The SMILE balloon
was launched from Saiiriku Balloon Center at, 06:11 on 1 September, 2006 (center). And we
recovered the detector at 14:32 (right).
   For the remote control, we use 15 telecommands using a relay switch. Six commands are
for the balloon control: 2 for the cutter, 1 for the ballast control, 1 for the exhaust control
and 2 for the balloon control system. The other 9 commands are for the SMILE system: 2 for
the standby-on/off, 4 for the power-onloff and 3 for the control of the SMILE data acquisition
system. The 3 commands for the control of the SMILE data acquisition system were named
MENU, SELECT and SET. The CPU counts the received MENUISELECT signal. When the
CPU receives SET, the SMILE system carries out the command of the MENU/SELECT number
in Table 8.2.
   All of the acquired data are saved into two local hard disk drives. However, since the local
disks may not be recovered after the experiment, we must transfer a part of the data to the
ground station. For the data transfer, we used the pulse-code modulation telemetry in 64 kbps.
The SMILE system sends the 384 byte HK/GPS data at every ! sec, and sends the 320 byte
scaler data at every 10 sec. Also the system sends the 384 byte event data during the remainder.
Therefore, the maximum rate of the event data transfer is tv 20 Hz.
8.1.2 Flight Path and Operation Mode
The first SMILE balloon was launched from Sanriku Balloon Center (39.16N, 141.82E) on lst
September, 2006 (JST). The event sequence in the flight is listed up in Table 8.3. We turned
on the power of the system at 05:26, and began to operate the SMILE system in the Compton
camera mode (the left of Figure 8.2). The balloon was launched at 06:11 (the cent•er of Figure
8,2). At 08:56, the balloon reached to the altitude of 35 km, and started the level flight. We
changed the operation mode to the charged particle tracking mode at 12:06, and the mode
returned to the Compton camera mode at 12:34. Then we turned off the power of system at
12:59. Finally we cut the gondola from the balloon at, 13:20. The gondola landed on the sea at
13:45, and we recoNrered the gondola at 14:32 on the sea (the right of Figure 8.2).
   Figure 8.3 shows the path of the first SMILE flight. Also, the time variation of the flight
altitude of the balloon is sho"m in Figure 8.4, and that of the pressure of the atmosphere in
the level flight is sho"rri in Figure 8.5. In the level flight from 08:56 to 10:15, the altitude was
constant 35.0 km and the atmosphere pressure is 5.4 hPa (5.5 g/cm2). From 11:20 to 13:OO, the
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Figure 8.4: The altitude of the gondola Figure 8.5 : The atmosphere pressure
8.2 Status of Detector in Balloon Flight
8.2.1 HouseKeepingData
Figure 8.6 shows the time variations of the pressure of the TPC gas and the pressure inside the
Al vessel. This figure says that the air tightness of the Al vessel was kept during the flight.
Also the TPC gas pressure was increased gradually, and the pressure increased at the end of
the experiment was 4.5 oro. The increase of the TPC gas pressure was too slight to make little
change of the gas gain of the p-TPC.
   On the other hand, Figure 8.7 shows the temperatures of the various points. From this figure,
we inferred that the increase of the TPC gas pressure might be caused by the gas temperature
increase. The hottest point in the Al vessel is the CPU, but the temperature of the CPU was
kept under 60 OC. At the outside of the Al vessel, the hottest point was the battery supplying
the most intense current, which is Battery 1 in Figure 8.7. However, because the batterÅrr works
at the temperature of -20 - 90 OC, its temperature was no problem in the flight.
8.2.2 Count Rate of Scintillators
The count rates of all scintillators without the veto are shown in Figure 8.8. A, B and C of
GSO units are the bottom camera. C, D, E and F are the lower line of the side camera, and
H, J, K and L are the upper line of the side camera. These count rates decreased just after the
launch of the balloon, because the radiation from the earth decreases as the altitude increases.
The count rate has a maximum rate (the Pfotzer Maximum) at about 08:OO, where the altitude
was the point of the air shower maximum, about 18 km. in the level fiight, the count rate was
about the half of the maximum rate, and looked constant.
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Status of Detector in B alloon Flight
8.2.3 Current ofpa-TPC
The time variation of the current of the pa-PIC anode is shown in Figure 8.9. Ftom this figure,
it is noted that there occurred several small discharges in the fiight. It means that the pixels of
the pa-PIC were not broken for those several discharges. Figure 8.10 shows the discharge rate per
30 minutes during the flight. The discharge rate increased after the launch of the balloon. After
the Pfotzer Maximum, the discharge rate looked constant, although the count rate of the GSO
units at the level flight decreased in a half of that at the Pfotzer Maximum. Thus we consider
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flight
: The current of pa-PIC anode in the Figure 8.10: The
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discharge number of pa-PIC
8.2.4 Dead Time & Event Rate
Figure 8.11 shows the ratio of the dead time to the real time. The ratio was 5 % on the ground.
The dead time was increased to 30 % at the Pfotzer Maximum, and 20 % in the level flight
with the Compton camera mode. During the charged particle tracking mode (12:06 - 12:34),
the dead time was about 30 %. Sometimes, the ratio was increased to bJ 100 Yo. That was
due to a system bug, which the position encoder loses the acquisition end signal, and then the
automatically fail safe reseted the acquisition cycle. In the calibration run on the ground, such











6 7 8 9 10 11 12 13










    Xpm ' W"kifi
Xiilflts,iiiill""i,aiih ffi,fr pt[I"tLF ,




       rv-VIVFN,pm





8 9 10 11 12 13
 Time on 1 September 2006 (JST) [hour]
Figure 8.11
time
: The dead time ratio to the real Figure 8.12
fiags
: The time variation of the varlous
101
Chapter 8. Balloon Flight
perl track-OO-1523
  Fri Sep 1 12:08:40 2006
 :t20
                    /• =-:::::" '3
 N15
  io f/'i/ti///r,illi"ll::""""irv:ev'' :
   5
             e=:::'.M"'ny"-l. 1.ig-...
   o "•Åqk.k,•[
  ,-g            .nvdi.-""tsÅq :.
 k!ooj110s tt"
         O .5
             -IO
               -15
      Figure 8.13:
perl track-




            '
  10
           s•.
   : vt"...x'
 ;l/gb)710s ------"
            -5 -lo
                -15
      Figure 8.14:
    1510


























         -15
      The single track obtained in the Charged particle tracking mode
   OO-1 203
12:06:29 2006
     .--:::."-.-' ::::I ..Ni. xxllllK
          I2, 2ÅqJ".
:--Il="tnt.N:ev ;inv... :':-xitq... """rv:rrÅí
       tt-',ll-nt..#f...nvgt-bu/
               'XtK51-
            •-----•----•:,t-s
      .• ".ev--------nv 15
                        10
                o xtcrnl
            .5
        -1O
    -15
  The multi track obtained in the Charged particle tracking mode




   -l---t:-------:----- t
''''
 il ']l i
 1 "l
 IS li•jl
   i.!....v: '
 -10 -5 10 t5
               X[cm]





         '
......
:....f-.w"-'.p':-'ww-tvWveL-W--W-Wl."-l.-''''
 -10 -5 tO 15
               Y[cm]
....i.,-.-;:r-- sr
 I :, •s•..
.".
I,




 -jO -5 tO 15
               X[cm]
         '
  ":E''{'--'t'''t:--"''"'{"" LI.L l tsnt
     '
 -10 -5 10 15
               Y[cm]
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rates of the soveral D.PLQ Has, are shoxvn in Figure LS.12. xvh(ire 'GSO Trs,.' the rate of all GSO
trigger received by the position encoder. 'Anti. Trg.' the pltLstic s('intillator trigsJer rate received
by the encoder, 'Interrupt ' is the rate of the coinciderice of the tt-TP(' and GS(). '.'N'i,it År i3' is the
data acquisition rate by GSO trigger. and 'GPS Trg.' i.s the data acquisition rate b.v the GPS
trigger. .At the Pfot7.er AIa.xirnum. the coincidence rate "'tLs ev 60 H7.. and the data acquisition
rate (.tNrl,it År 3) was tN, 10 H7.. During the level fiight. th(, coincidence rat( wa.s tv 25 I-Iz. and
the data acquisition rate "'tts' -v 6 Hz. The GPS trigger rate had a negative correlation "'ith the
dead time and it wtLs N O.7 Hz on the ground. -v O.3 Hz at tl}e Pfotzer AItLxiinum and rv O.i) Hz
during the level flight.
8.3 Results of Experiment & Discussion
XVe analyzed the data obtained in the flight. and sununari7.e the results in this sc}ction.
       .
8.3.1 Charged Particle Tracking Mode
The examples of the obtained tracks in the charged particle tracki"g mode are b'hown in Figuras
8.13 and 8.14. Especially, Figure 8.14 shoxvs the multi-tracks of tl}e `shosver event' from GSO.
Figure 8.15 shows the relation of the ener.q),' and the track length of all events obtained iri the
charged part,icle tracking niode. The solid line and the dashed line in t'his figure are calculated
dE/d.X of "IIPs and the stopping electrons, respectivel.y. For the gamma-ray reconstruction. "'e
selest the fullv contained electron events under the criteria such cfts
      ,L/i-i"sx io-3 (kii'v' )i8 s2 A', Årior [kev] (s 2)
Figure 8.15 says that fullÅr/ contained electron cut rejected 95 E7o of the event,s acquired in the
charged particle tracing mode. Therefore, only using this selection. N 5 C/o of (:harged particlc
events !night• include to the gamina-ray events.
   In order to obtain the dE/dX' spectruin of the single track in the flight. we fitted thc tracks
with a straight line under the position resolution (7.10). and then the resultant .x'O" histograni is
Fi.Frure 8.16. XVe selected the events of x2 Åq 1 aLg a single track event for which we obtained the
dE/dX' spectrum as shown in Figure 8.17. In this figure, the solid line is obtained b.y• fitting with
a Lorentzian having a peak at 5.4 keV/cm. Since the calculated dE/dX is about 5.3 keV/cm.
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Figure 8.17 : The dE/dX spectrum in the level flight
8.3.2 ComptonCameraMode
Figure 8.18 shows the typical Compton scattering event obtained during the balloon flight. In
order to collect such Compton events, we analyzed this flight data using the same criteria used
in the ground calibration, as described in section 7.4. The sum spectra of pa-TPC and GSO
at each event selection are shown in Figure 8.19. In the Compton camera mode, 2.23 Å~ 105
events were acquired during 7.0 hours, in which the single GSO trigger events were 1.09 Å~ 105
events. Figure 8.20 shows the relation of the energy and the length of the obtained tracks in
the Compton camera mode. The solid line and the dashed line are the dE/dX of the MIPs and
the stopping electron in this TPC, respectivrly. The difference from Figure 8.15 is the existence
of many events along the dashed line. The fu11y contained electron events (8.2) were 6.46 Å~ 103
events. After the Compton scattering kinematic fit (6.3), 1.02 Å~ 103 events remained. Then
427 events were inside the FOV. Finally, 199 events were inside the FOV during the level flight
of 3.0 hours live time. On the other hand, the ratio of the single GSO trigger events to the
all acquired events is about 50 % in this experiment, and the reduction eMciency of charged
particle by the selection of the fu11y contained electron is 95 ero as seen in section 8.3.1. Also the
reduction efficiency by the selection using the Compton scattering kinematics is År 99 oro, which
was obtained by simulation. Thus, the wrong-rejection probability of charged particle is about
3 Å~ 10-4 for the gamma-ray reconstruction. Even if all of the acquired data in the Ievel fiight
were the charged particle events, the remained number of the particle events was Åq 20 after the
kinematical cut. Thus, the systematic error by charged particle was Åq 4 %. Also there are the
`not-Compton' events, which include the events of scatt,ering in the GSO at first or the events of
absorption in the GSO and absorption of irradiation GdK,, in pa-TPC. A GEANT4 simulation
says that the systematic error due to such pseudo events is nJ 20 oro for 150 keV and rv 40 % for
600 keV.
   In the Ievel flight, the energy spectrum of 199 downward gamma-rays, of which the direction
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Figure 8.18: The event view of the Compton event in the fiight
are inside the FOV (zenith angle Åq 600), is shown in Figure 8.21. Since we expected to detect
rw 200 photons inside the FOV during 3 hours at the altitude of 35 km by GEANT4 simulation
(Table 7.2), the experimental result, of which 199 photons were obtained during the live time of
3.0 hours at the altitude of 32 - 35 km, was well consistent. Also this spectrum has a slightly
excess at near 511 keV, which is seen in the simulation as shown in Figure 7.5. The photon
number of this excess is rv 10. Therefore, it is roughly explained with 511 keV gamma-rays
produced by the charged particles, because our simulation says about 10 photons are produced
by such cosmic-rays at the altitude of 35 km (Table 7.2).
   The time variation of the gamma-ray events is shown in Figure 8.22, which has a maximum
countrate near the Pfotzer Maximum, and thereafter it is roughly constant, during the level







o 200 400 600 soo leoo








oe 200 400 600 800 1000
    E, [keVl
Figure 8.19: The spectra summed of pa-TPC and GSO at each event selection
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Figure 8.21: The spect,rum of the
gamma-ra.vs during the level flight
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Figure 8.22: The time variation of the detected
ganinia-rays. . The circles and the boxes are all
direction and the do"'nxvard gainnita-ra.i,'s count
rate, respectivel.v. The error bar is tl}e statisti-
cal sigina.
Table 8.4 : Tlie nuinber of the dctected dosvnxvard gainina-rays
    Time Pressure 120 -- 300 keV 300-900
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   Using the obtained effective area by a ground calibration (Figure 7.34), we calculated the flux
of the incident gamma-rays. Figure 8.23 shows the dependence of the gamma-rays flux on the
zenith angle at the level flight. With the events in all azimuth angle, we obtained the gamma-ray
flux printed by circles in Figure 8.23. In this figure, the solid line is the calculated gamma-ray
flux at 300 keV in the atmospheric depth of 7.0 g/cm2 [50]. The obtained fiux inside the FOV
looks consistent with the calculation. However, the obtained transverse flux (600 Åq zenith angle
S 900) is roughly two times larger. On the other hand, the dependence of the photon number
on the azimuth angle is shown in Figure 8.24. This figure says that the gamma-ray flux in FOV
was statistically consistent to be uniform distribution (the resultant x2 fitting with a constant is
O.68), but the transverse gamma-ray flux had the azimuth angle variation. Comparing with the
alignment of the accessories (the left of Figure 8.24), the directions of the high flux were quite
consistent with the position of batteries. This fact means that the batteries might become the
gamma-ray sources by the interaction with cosmic-rays. Then, we calculated the gamma-ray
fiux with the events of the azimuth angle between -450 and 750, and we obtained the zenith
angle dependence of the flux printed by boxes in Figure 8.23. The zenith angle dependence of
the gamma-ray flux with the azimuth angle between -450 and 750 is roughly consistent with
the calculation by Ling [50]. Therefore, we consider that the excess of the transverse flux was
secondary gamma-rays by the interaction of batteries and cosmic-rays.
   The detected photon number is listed in Table 8.4, and the relation of the atmospheric depth
and the photon number, which is called a growth curve, is shown by the circles in Figure 8.25.
The error bar in this figure is only statistical. In order to obtain both the fluxes of diffuse cosmic
gamma-ray and atmospheric gamma-ray, we assumed two functions of the atmospheric depth.
Because the flux of atmospheric gamma-ray is nearly proportional to the atmospheric depth
[47],the fiux is
fatmos(Z) = a Å~ (1 + k) Å~ z, (8.3)
where z is the atmospheric depth, k is the ratio of the gamma-rays produced by the interaction
of charged particles and the vessel to atmospheric gamma-rays, and a is a free parameter. From
Figure 7.5, k is estimated to be O.08 for 120-300 keV and O.19 for 300-600 keV. On the other
hand, diffuse cosmic gamma-rays are scattered or attenuated in atmosphere. Thus, the flux of
diffuse cosmic gamma-ray is described as
fcosmic(Z) = b Å~ (1 +p) Å~ exp(-z/T), (8.4)
where r is the mean free path of the total attenuation in the air, p is the scattered component
term (see section 7.1.1), and b is a free parameter. Then we fitted the grewth curve with the
combination of two function
R(z) = Aeff Å~ (1 - Uvessel) Å~ (fcosmic + fatmos) , (8.5)
where Aeff and yvessel are the effective area of the fiight model detector and the attenuation
factor of the aluminium vessel, respectively. In Figure 8.25, the solid line, the dashed line
and the dotted Iine are obtained R(z), the cosmic component and the atmospheric component,
respectively. Obtained a is 1.27 Å~ 10-i Å}3.3 Å~ 10-2 photons/(cm2 sec str MeV (g/cm2)) for 120
- 300 keV and 1.43 Å~ 10-2 Å}3.4 Å~ 10'3 photons/(cm2 sec str MeV (g/cm2)) for 300 - 900 keV.
Also obtained bis 7.49 Å~ 10-4 Å} 4.59 Å~ 10-4 photons/(cm2 sec str keV) for 120-300 keV and
2.58 Å~ 10-4 Å} 5.6 Å~ 10-5 photons/(cm2 sec str keV) for 300- 900 keV. Moreover we assumed
that both diffuse cosmic gamma-rays and atmospheric gamma-rays have a power law spectrum
of E-2'O and E-i'7 [46, 49], respectively, and then each gamma-ray fiux obtained by fitting is
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Figure 8.23: The dependence of the gamma-ray flux on the zenith angle during the level fiight.
The circles and the boxes were calculated with the events in all azimuth direction and in the
limited azimuth direction, respectively. The error bar is the statistical sigma. The solid line is
















OO Åq zenith Åq 600
+++
         azimuth [degreel
600 Åq zenith Åq 900
azimuth [degree]
Figure 8.24: The definition of the azimuth angle
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Figure 8.25: The relation of the atmospheric depth and the count rate ( the growth curve). The
circles are obtained data during this flight, and the error bar is the statistical sigma. The solid
line is obtained by fitting of the data. The dotted-line and the dashed-line are diffuse cosmic
gamma-rayg. and atmospheric gamma-rays, respectively.
109






















Schbnfetder et al. (1977)
Schbnfelder et al. (1 980)
Bleeker et al. (1970}
Makino et al. (1975)
Vette et al. (1970)
Tromba et al. (1973)
Kasturirangan et al. (1972)
   4ienergy      1o5[keV]
Figure 8.26: The obt,ained flux of diffuse cosmic gamma-rays. The red solid line is our result.
The error bar includes only• the s. t[rtstic error, and the s.s/stematic error is a factor of about 2. For
the coniparison, we also plotted t•he results of p,xgt other groups [47, 51, 52, 53. 54, 5/)].
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Figure 8.27: The obtained flux of atniospheric ganuna-rays. The red solid line is our result. The
error bar includes onl.v the stttstic error, and the s.v•steinatic error is a factor ofabout O". For the
coinparison, ss'e also plotted the results of past other groups [51. 56. 57, 58. 59].
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Figure 8•28: The comparison of the sensitivity Figure 8•29: The comparison of the effective
                                                     61]for continuum component [3s] area [30, 60,
described as follows,
     Fcosmic(E)=(41Å}2)Å~(kgv)r20 [photons/cm2 sec str keV], (s.6)
     Fatmos(E) =(o 6sÅ}o16) Å~ (kgv)-i7 [photons/cm2 sec str kev (g/cm2)] (s.7)
The obtained fluxes of diffuse cosmic gamma-rays and atmospheric gamma-rays are compared
with the results of previous balloon/rocket experiments, as shown in Figure 8.26 and 8.27,
respectively. The systematic error is a factor of about 2 due to the uncertainty of the detection
efficiency as described in section 7.4. These figure says that the obtained fluxes from SMILE
are nearly consistent with those of the past experiments.
   Finally, we calculated the detection sensitivity of this camera. The gamma-ray, which were
observed by this experiment, are the background, when we would observe a point gamma-ray
source. Thus, with the angular resolution of 200 and the observation time of 106 sec, the number
of background photons NB is expected as follows.
     NB=ivd x(i30g.S.e,C)Å~(03i,IIr), (s s)
where Nd is the detected photon number of this experiment. Then, the number of the photon
from the target celestial object for the significance of 3o is
          g+3vptrgNi
                        , (8.9)     Ns=            2
Therefore, the detectable minimum fiux is
     Fs=A,ff xNSIo6 ,.. [photons/(cm2 sec)]; (s.lo)
where A.ff is the effective area (see Figures 7.33 and 7.34). The detected photon number in the
energy range of 200 - 400 keV during the level flight is 151 events, and A.ff is 2.13 Å~ 10'2 cm2.
Therefore, the detection sensitivity F, is 2.2 Å~ 10-4 MeV / cm2 sec. The detectable minimum
flux and the effective area of this experiment are shown in Figures 8.28 and 8.29, respectively.
From these figures, although the effective area of this experiment is smaller by about three
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order than that of COMPTEL, the detection sensitivity is smaller by only one order. This fact
means that our camera has actually a high signal to noise ratio due to the kinematic fit based
on Compton scattering. On the other hand, from these figures, if a 50 Å~ 50 Å~ 50 cm3 detector,
which has the effective area as same as COMPTEL, were realized in the future, the sensitivity
would reach ten times of that of COMPTEL.
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For the next generation MeV gamma-ray Compton camera, we developed an EIectron [[hracking
Compton Camera, which consisted of a pa-TPC as a tracker and the GSO-PSAs as absobers.
First, we constructed a prototype camera using an Ar gas fi11ed TPC, and we revealed the
ability of an electron tracking Compton imaging, of which there are fu11y reconstruction of
the direction of the incident gamma-rays, and in particular the background rejection due to
the Compton scattering kinematics. For the 662 keV gamma-rays, the energy resolution and
the angular resolutions ARM/SPD were 14 9o, ev 90 and rv 900 at FWHM, respectively. The
detection efficiency was nv 5 Å~ 10-6. AIso the FOV of the prototype was obtained Av 1 str. Next,
in order to measure diffuse cosmic gamma-rays and atmospheric gamma-rays, we designed and
constructed a fiight model detector with an improvement of the detection efllciency for a balloon
borne experiment. In the balloon borne experiment, the detection eficiency is most significant.
Therefore, we decided to use a Xe gas, although the energy resolution and the angular resolution
were Iittle worse than those of the prototype, such as 19 %, N 120 and rv 2000 at FWHM
for 662 keV, respectively. However, by a Xe gas TPC and a Iarger scintillator coverage, the
detection efficiency was dramatically increased 10 times of that of the prototype, and the wide
FOV spreaded to 3 str. Finally, we loaded the flight model on a balloon, and launched at
06:11 on September 1 2006 as the lst flight of Sub-MeV gamma-ray Imaging Loaded-on-balloon
Experiment (SMILE) from Sanriku Balloon Center (39.16N, 141.82E). The balloon reached to
35 km at 08:56, and the Ievel flight continued during 4 hours. There was no serious problem on
the balloon system and the flight model detector. Also we succeeded in the detection of nv 200
downward gamma-rays during the 3.5 hours Ievel flight (the live time of 3.0 hours). The detected
photon number of rv 200 photons in 3 hours was consistent to the simulated value, Then, we
obtained the following fiuxes of diffuse cosmic gamma-rays and atmospheric gamma-rays with
the growth curve of this experiment,
Fcosmic(E) = (41 Å} 2) Å~ (
-Fatmos(-EJ) = (O-65 Å} O•16)
kgv)-2o
Å~ (kgv)-17
[photons / cm2 sec str keV],
[photons / cm2 sec str keV (g/cm2)].
(9.1)
(9.2)
where we assumed that the power law index of Fcos.i. and Fatmos are -2.0 and -1.7, respectively.
These spectra are consistent with the previous data. Moreover, although the effective area of
lst SMILE was 3 order smaller than that of COMPTEL, the sensitivity of the MeV camera of
this experiment was about 1 order worse than the sensitivity of COMPTEL, which means that
our detector improve the signal to noise ratio by 1.5 order better than that of COMPTEL. This
experiment is the first observation result in sub-MeV region by a Compton camera. Because
there are many backgrounds due to charged particles, the observation in this energy band is
very difficult. Actually, there has existed few observations of atmospheric gamma-ray fiux in
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sub-MeV region so far. Thus, it is very important that our detector obtained both the fiuxes
and the zenith angle dependence of diffuse cosmic gamma-rays and the atmospheric gamma-rays
in the sub-MeV region.
   The purpose of the next balloon experiment is the test of the imaging power, by the observa-
tion of a bright source like Crab nebula or Cyg X-1. Because an imaging needs a lot of photons,
we must develop a pa-TPC having a larger volume of 30 Å~ 30 Å~ 30 cm3. Figure 7.6 says that
the efficiency of the current analysis is 10- 30 91o, and also Figure 5.18 shows that the obtained
direction of the recoil electron is not so accurate. Therefore, the improvement of the analysis for
the reconstruction of the recoil electron would improve both the effective area and the angular
resolution. On the other hand, the increase of the thTPC volume gives an increase of the area
of the absorber. When we construct the 2nd fiight model similar to the lst flight detector, the
readout circuit of pa-TPC and GSO are 3 times and 10 times of those of the lst flight model,
respectively. Thus, we must also develop the low power readout circuit.
   We have already started to develop a 30 Å~ 30 Å~ 30 cm3 TPC using a 30 Å~ 30 cm2 thPIC.
However, for the tracker of the Compton camera, we will need study a gas as a Compton
scattering target. Although we used Xe gas for the lst flight model pa-TPC, the drift velocity of
electron in Xe gas is too slow and the cross section of absorption of Xe atom is too large. Thus,
by using Xe gas, the random coincidence might be increased, and also the background event,
for example the events of scattering from the GSO, might be increased. As the candidate of
the Compton target gas, we consider a CF4 gas, which has 42 electrons per one molecule and
consists of the low Z atoms. Also the drift velocity of electron in a CF4 gas is rapider than that
in an Ar gas. On the other hand, since the gas gain of a CF4 gas is not high, the problem of
the increase of the operation high voltage remains.
   After these improvements, our detector would be able to obtain a few hundred photons from
Crab nebula by a 3 hours level flight, because the effective area will be rNJ 30 times larger than
that of the lst flight model. Also, if a AJ 10 days level fight is realized, our camera will be able
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